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5 Application No. Serial No. 60/425,569, filed November 12, 2002, and entitled "METHODS 
AND PRODUCTS FOR TREATING STAPHYLOCOCCAL INFECTIONS", the contents of 
which are herein incorporated by reference in their entirety. 



Government Support 

10 The present invention was supported in part by a grant from the United States National 

Institutes of Health AI46706, AI46707, 5T32AI07410, F32AI51892, and AI09626. The U.S. 
Government may retain certain rights in the invention. 

Field of the Invention 

15 The present invention relates to nucleic acid molecules and related compositions 

useful for altering production of polysaccharides fi*om bacteria. The compositions are useful 
for producing polysaccharide as well as for therapeutics such as for the prevention and 
treatment of Staphylococcal infections. The invention also relates to methods of making and 
using polysaccharide based antigens, related antibodies and diagnostic kits and for inducing 

20 active and passive immunity using the polysaccharide material and antibodies thereto. 



Bacitground of the Invention 

Staphylococci are gram-positive bacteria which normally inhabit and colonize the skin 
and mucus membranes of humans. If the skin or mucus membrane becomes damaged during 

25 surgery or other trauma, the Staphylococci may gain access to internal tissues causing 

infection to develop. If the Staphylococci proliferate locally or enter the lymphatic or blood 
system, serious infectious complications such as those associated with Staphylococcal 
bacteremia may result. Complications associated with Staphylococcal bacteremia include 
septic shock, endocarditis, arthritis, osteomyelitis, pneumonia, and abscesses in various 

30 organs. 
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Staphylococci include both coagulase-positive organisms that produce a free coagulase 
and coagulase-negative organisms that do not produce this free coagulase. Staphylococcus 
aureus is the most common coagulase-positive form of Staphylococci. S. aureus generally 
causes infection at a local site, either extravascular or intravascular, which ultimately may 
5 result in bacteremia S. aureus is also a leading cause of acute osteomyelitis, and causes a 
small nimiber of Staphylococcal pneumonia infections. Additionally, S. aureus is responsible 
for approximately 1-9% of the cases of bacterial meningitis and 10-15% of brain abscesses. 

There are at least twenty-one known species of coagulase-negative Staphylococci^ 
including jS. epidermidis, S. saprophyticus, S. hominis, S. warneri, S. haemolyticus, 5. 

10 saprophiticuSy S. cohnii, S. xylosus, S. simulans, and S. capitis. S. epidermidis is the most 
frequent infection-causing agent associated with intravenous access devices, and the most 
frequent isolate in primary nosocomial bacteremias. S. epidermidis is also associated with 
prosthetic valve endocarditis. 

Staphylococcus is also a common source of bacterial infection in animals. For 

15 instance, Staphylococcal mastitis is a common problem in ruminants including cattle, sheep, 
and goats. The disease is generally treated with antibiotics to reduce the infection but the 
treatment is a costly procedure and still results in a loss of milk production. The most 
effective vaccines identified to date are live, intact S. aureus vaccines administered 
subcutaneously. The administration of live vaccines, however, is associated with the risk of 

20 infection. For that reason, many researchers have attempted to produce killed S. aureus 

vaccines and/or to isolate capsular polysaccharides or cell wall components which will induce 
immunity to S. aureus. None of these attempts, however, has been successfixl. 

Summary of the Invention 

25 The invention relates to the discovery of transcriptional control mechanisms of the ica 

locus. The invention is premised in part on the identification of a 5 nucleotide motif within 
the ica promoter region which has a fimctional role in transcriptional regulation of the ica 
locus. This motif may function independently of IcaR protein. The invention is further 
premised in part on the observation that IcaR protein binds to the promoter region of the ica 

30 locus and that disruption of the icaR coding region results in over-production of 
polysaccharide as well as resultant biofilm. 

It has been discovered that modifications to the intercellular adhesion (ica) locus result 
in altered production of poly-N-acetyl glucosamine (PNAG). PNAG is a polysaccharide 
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antigen present on the surface of virulent strains of Staphylococci. The present invention 
relates to methods and products useful for altering the production of polysaccharide thereby 
resulting in increased or decreased production of polysaccharide formed via the ica locus. 
The polysaccharide produced according to the methods described herein may be used to 
5 produce vaccines or antibodies that are useful in the immunization of humans and animals 
against infection by coagulase-negative and coagulase-positive Staphylococci. 

In one aspect, the invention provides a method of producing a polysaccharide over- 
producing bacterium by introducing into a bacterium an ica nucleic acid operably linked to an 
ica regulatory nucleic acid, wherein the ica regulatory nucleic acid comprises (a) nucleic acid 
10 molecules which hybridize under stringent conditions to a nucleic acid molecule having a 

sequence of SEQ ID NO:2, have an addition, deletion or substitution in a region between and 
including nucleotides 9 and 43 of SEQ ID NO:2, and that enhance production of a 
polysaccharide from an ica locus, and (b) complements thereof. 

In a related aspect, the invention provides a method of making a polysaccharide over- 
15 producing bacteriimi comprising recombinantly altering a specific TATTT nucleotide 

sequence in the ica promoter region. In one embodiment, the TATTT nucleotide sequence is 
deleted. In another embodiment, the TATTT nucleotide sequence is substituted with a five 
nucleotide non-wildtype nucleotide sequence. The five nucleotide non-wildtype substitution 
may have a sequence of ATAAA, but it is not so limited. 
20 In another related aspect, the invention provides a recombinant polysaccharide over- 

producing bacterium that comprises an ica nucleic acid operably linked to an ica regulatory 
nucleic acid, wherein the ica regulatory nucleic acid comprises (a), nucleic acid molecules 
which hybridize under stringent conditions to a nucleic acid molecule having a sequence of 
SEQ ID NO:2, have an addition, deletion or substitution in a region between and including 
25 nucleotides 9 and 43 of SEQ ID NO:2, and that enhance production of a polysaccharide from 
an ica locus, and (b) complements thereof, wherein the bacterium is not MN8m. 

Various embodiments apply equally to the aforementioned aspects (as well as other 
aspects of the invention). These are recited below. 

In one embodiment, the ica regulatory nucleic acid comprises the nucleotide sequence 
30 of SEQ ID NO: 1 . In another embodiment, the ica regulatory nucleic acid comprises the 

nucleotide sequence between and including nucleotides 9 and 38 of SEQ ID NO: 1 . This 30 
nucleotide sequence flanks the 5 nucleotide deletion from MNSm. 



In yet another embodiment, the ica regulatory nucleic acid comprises a deletion, 
addition or substitution in the region between and including nucleotides 24 and 28 of SEQ ID 
NO:2 (i.e., the 5 nucleotide span that is deleted in MN8m). In other embodiments, the ica 
regulatory nucleic acid comprises a five nucleotide non-wildtype substitution between and 
including nucleotides 24 and 28 of SEQ ID NO:2. In a related embodiment, the five 
nucleotide non-wildtype substitution has a sequence of ATAAA. It is to be understood that 
other non-wildtype substitutions can also be introduced into SEQ ID NO:2 in place of the 
TATTT sequence. 

In this and other aspects of the invention, the bacterium is a Staphylococcus bacterium, 
such as Staphylococcus epidermidis^ Staphylococcus aureus. Staphylococcus capitis. 
Staphylococcus caprae, Staphylococcus hemolyticus, Staphylococcus auricularis, 
Staphylococcus intermedius. Staphylococcus lugdunensis, Staphylococcus pasteuri, or 
Staphylococcus piscifermentans. 

Various aspects of the invention may also involve measuring polysaccharide 
production from the bacterium, wherein a high level of polysaccharide production is 
indicative of a polysaccharide over-producing bacterium. In preferred embodiments, the 
polysaccharide is PNAG. 

In another aspect, the invention provides a method of making a polysaccharide over- 
producing bacterium comprising introducing into a bacterium an ica nucleic acid operably 
linked to an ica regulatory nucleic acid, wherein the ica regulatory nucleic acid comprises a 
mutant icaR nucleic acid, and measuring polysaccharide production from the bacterium, 
wherein a high level of polysaccharide production is indicative of a polysaccharide over- 
producing bacterium. The polysaccharide may be PNAG. 

In a related aspect, the invention provides a method of making a polysaccharide over- 
producing bacterium comprising recombinantly down-regulating wildtype IcaR protein 
production, and selecting a polysaccharide over-producing bacterium. 

In one embodiment, the wildtype IcaR protein production is at a level lower than in a 
wildtype bacterium. In another embodiment, the wildtype IcaR protein production in the 
bacterium is zero. The bacteriimi may produce a mutant IcaR protein, which optionally binds 
to a target less efficiently than wildtype IcaR protein. The mutant IcaR protein may 
altematively be a truncated IcaR protein. 

In a related aspect, the invention provides a recombinant polysaccharide over- 
producing bacterium comprising a mutant icaR nucleic acid. 
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In one embodiment, the mutant icaR nucleic acid does not encode a wildtype IcaR 
protein, and optionally it does not encode a mutant IcaR protein either. In another 
embodiment, the mutant icaR nucleic acid comprises a frameshift mutation relative to a 
wildtype icaR nucleic acid. In still another embodiment, the mutant icaR nucleic acid 
5 encodes a truncated IcaR protein. In another embodiment, the mutant icaR nucleic acid 
encodes a mutant IcaR protein that binds to a target less efficiently than wildtype IcaR 
protein. 

In other aspects the invention relates to a method of producing a bacterial 
polysaccharide by cultuiing the polysaccharide over-producing bacterium described herein in 

10 a growth medium, and harvesting the bacterial polysaccharide from the culture. Optionally 
the bacterial polysaccharide may be isolated from the supernatant to form an isolated bacterial 
polysaccharide composed of beta (P) 1-6 linked glucosamine polysaccharides having 0-100% 
substitution with acetate. In some embodiments, the polysaccharide so produced is either 
screened for a low acetate form (i.e., less than 50% acetate substitutions) or is further treated 

15 to produce a low acetate form. The bacterial polysaccharide may also be formulated as a 
vaccine, wherein it may be combined with an adjuvant. 

According to other aspects, the invention is a method of producing an antibody to a 
bacterial polysaccharide by administering the isolated bacterial polysaccharide of the 
invention to a subject to produce an antibody, and harvesting antibody from the subject. The 

20 antibody may be subsequently isolated. In one embodiment the subject is a non-human 

subject, such as a rabbit or a mouse. In other embodiments the antibody is a polyclonal or 
monoclonal antibody. The polysaccharide may be administered to the subject with an 
adjuvant. In still a further embodiment, the method further comprises harvesting an antibody- 
producing cell from the subject and harvesting the antibody from the antibody-producing cell. 

25 The antibody-producing cell may be manipulated prior to antibody harvest. In one 

embodiment, the isolated bacterial polysaccharide is composed of p 1-6 linked glucosamine 
units, wherein 0-100% of the units are acetate substituted. In some important embodiments, 
less than 50% of the units are acetate substituted. 

An isolated nucleic acid molecule is provided according to other aspects of the 

30 invention. The nucleic acid comprises (a) nucleic acid molecules which hybridize under 

stringent conditions to a nucleic acid molecule having a sequence of SEQ ID NO:2, have an 
addition, deletion or substitution in a region between and including nucleotides 9 and 43 of 
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SEQ ID NO:2, and that enhance production of a polysaccharide from an ica locus, and (b) 
complements thereof. 

An expression vector comprising the isolated nucleic acid molecule operably linked to 
an ica gene, or a fragment thereof is also provided. Additionally the invention encompasses a 
5 host cell transformed or transfected with the expression vector. 

In another aspect, the invention provides an isolated nucleic acid molecule that 
hybridizes under stringent conditions to SEQ ID NO:l, and spans (i.e., comprises) an MN8m 
mutation. As used herein, an "MN8m mutation" refers to the five nucleotide deletion found 
in strain MN8m. In some embodiments, the isolated nucleic acid molecule enhances 

10 production of a polysaccharide from an ica locus when operably linked to an ica nucleic acid. 
In other embodiments, the nucleic acid molecule is a fragment of an ica promoter region from 
strain MNSm. The fragment may have a length of at least 10, at least 20, at least 30, at least 
40, at least 50, at least 60, at least 70, at least 80, at least 90, at least 100, at least 1 10, at least 
120, at least 130, at least 140, at least 150, or at least 160 nucleotides in length. The 

15 sequences flanking the MN8m mutation need not be equidistant (i.e., the MNSm mutation 
need not be centered in the fragment). In one embodiment, the fragment has a nucleotide 
sequence between and including nucleotides 9 and 38 of SEQ ID NO: 1 . In still other aspects, 
the invention embraces nucleic acid molecules that comprise a mutation of the partial MN8m 
sequence. That is, only part of the MN8m five nuclieotide sequence needs to be mutated (e.g., 

20 1, 2, 3 or 4 nucleotides out of the five nucleotides are mutated). As used herein, the term 
"mutated" embraces additions, deletions or substitutions. 

In various aspects, the invention provides methods for identifying agents that bind 
differentially to the wild-type and mutant promoter regions. Agents that bind to the mutant 
promoter region but not to the wild-tj^e region are usefiil as markers of the mutant promoter, 

25 and as markers of PN AG over-producing bacteria. Such mutant promoters can be used in the 
generation of fiirther over-producing bacteria. Agents that bind to the wild-type promoter 
region but not to the mutant region are usefiil as potential targets that could be manipulated in 
order to modulate PNAG synthesis. 

A method for identifying an isolated binding agent is provided according to other 

30 aspects of the invention. The method involves contacting a first nucleic acid molecule having 
the sequence of SEQ ID NO:2 or a fiinctionally equivalent fragment thereof with a candidate 
molecule and determining whether the candidate molecule binds to the first nucleic acid 
molecule, and contacting a second nucleic acid molecule having the sequence of SEQ ID 
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NO: 1 or a functionally equivalent fragment thereof with the candidate molecule and 
determining whether the candidate molecule binds to the second nucleic acid molecule. A 
candidate molecule that binds to either the first or the second nucleic acid rnolecule but not 
both is indicative of a binding agent. In embodiments of the above methods, the binding 
5 agent may bind with higher affinity to SEQ ID NO: 1 than to SEQ ID NO:2, or alternatively, it 
may bind with higher affinity to SEQ ID NO:2 than to SEQ ID NO: 1 . 

The method may optionally involve contacting a reporter construct containing the 
nucleic acid molecule with the isolated binding agent to determine if the isolated binding 
agent is a polysaccharide synthesis modulator, wherein the isolated binding agent is a 
10 polysaccharide synthesis modulator if the isolated binding molecule alters expression from the 
reporter construct. 

As used herein, a functionally equivalent fragment of SEQ ID NO:2 is any fragment of 
SEQ ID NO:2 that can be used in a comparison with SEQ ID NO: 1 , and preferably a fragment 
that comprises the five nucleotide sequence that is deleted in MN8m. As used herein, a 
1 5 functionally equivalent fragment of SEQ ID NO: 1 is a fragment that comprises the MN8m 
mutation. 

The invention further provides compositions comprising the aforementioned binding 
agents. In one aspect, the invention provides a composition comprising an isolated binding 
agent that binds with greater affinity to a nucleic acid having a sequence of SEQ ID NO: 1 

20 than to SEQ ID NO:2. In another aspect, the invention provides a composition comprising an 
isolated binding agent that binds with greater affinity to a nucleic acid having a sequence of 
SEQ ID NO:2 than to SEQ ID NO: 1 . 

Several embodiments can be equally applied to aspects relating to isolated ica locus 
binding agents. These are recited below. 

25 The isolated binding agent may be an ica regulatory binding agent. Thus, in one 

embodiment, the candidate molecule inhibits transcription of an ica nucleic acid molecule 
upon binding selectively to the nucleic acid molecule having a sequence of SEQ ID NO:2. In 
another embodiment, it inhibits transcription of an ica nucleic acid molecule upon binding 
selectively to the nucleic acid molecule having a nucleotide sequence of SEQ ID NO: 1 . 

30 In one embodiment, the candidate molecule is a nucleic acid molecule. In another 

embodiment, the candidate molecule is a peptide. The candidate molecule may be a small 
molecule, and may be derived from a small molecule library (i.e., it is then a library member). 
In yet another embodiment, the candidate molecule is conjugated to a detectable label. The 
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detectable label may be selected from the group consisting of a radioactive label, an enzyme, 
a biotin molecule, an avidin molecule or a fluorochrome, but it is not so limited. The 
candidate molecule may also be conjugated to a cytotoxic agent. 

A method of identifying an ica promoter sequence associated with polysaccharide 
5 overproduction comprising detecting a nucleic acid molecule having a sequence alteration 
from wildtype in a region between and including nucleotides 9 and 43 of SEQ ID NO:2. 

In one embodiment, the nucleic acid molecule is detected by contacting a candidate 
nucleic acid with sl first and a second nucleic acid amplification primer, wherein at least one 
of the first or second nucleic acid amplification primers is capable of hybridizing to a 
10 sequence of SEQ ID NO:l and not capable of hybridizing to a sequence of SEQ ID NO:2, 
amplifying a primed nucleic acid molecule which hybridizes to the first and the second 
nucleic acid amplification primers, and detecting the presence of an amplified nucleic acid 
molecule. 

In another embodiment, the nucleic acid molecule is detected by contacting a 

1 5 candidate nucleic acid with a first and a second nucleic acid amplification primer, wherein the 
first and second nucleic acid amplification primers respectively hybridize to nucleotide 
sequences 5' and 3' to nucleotides 24 and 28 of SEQ ID NO:2, amplifying a primed nucleic 
acid molecule which hybridizes to the first and the second nucleic acid amplification primers, 
and measuring and comparing the length of the amplified nucleic acid molecule to a first 

20 control amplified nucleic acid molecule comprising SEQ ID NO: 1 or a second control 

amplified nucleic acid molecule comprising SEQ ID NO:2, wherein an amplified nucleic acid 
molecule that is (a) identical in length to a first control amplified nucleic acid molecule or (b) 
shorter than the second control amplified nucleic acid molecule is indicative of the presence 
of an ica promoter sequence associated with polysaccharide over-production. 

25 In yet another embodiment, the nucleic acid molecule is detected by contacting a 

candidate nucleic acid vAth a nucleic acid probe that selectively binds to SEQ ID NO:l and 
does not bind to SEQ ID NO:2, and detecting the presence of the bound probe. 

In one embodiment, the candidate nucleic acid is present in a bacterial isolate from a 
subject. In another embodiment, the candidate nucleic acid is present in a bacterial culture. 

30 In still another aspect, the invention provides a method for identifying an ica 

regulatory nucleic acid molecule that enhances polysaccharide production comprising altering 
a nucleic acid molecule having a sequence of SEQ ID NO:2, and determining a level of 
reporter production by a bacterium that comprises the altered nucleic acid molecule operably 
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linked to reporter nucleic acid, wherein a higher than wildtype level of reporter protein 
production is indicative of an tea regulatory nucleic acid molecule that enhances 
polysaccharide production. 

In one embodiment, the reporter nucleic acid is an ica nucleic acid and reporter 
5 production is polysaccharide production. In another embodiment, the nucleic acid molecule is 
altered recombinantly. In still another embodiment, the nucleic acid molecule is altered 
naturally during bacterial culture. 

In still other aspects, the invention provides methods for over-producing proteins from 
a bacterium that harbors an ica regulatory nucleic acid. In these embodiments, the ica 
10 regulatory nucleic acid comprises either a mutation of the five nucleotide motif which is 
mutated in MN8m (and preferably comprises a mutation of the five nucleotide motif) or a 
mutation in the icaR coding sequence. 

Thus, the invention provides a method of over-producing a protein in a bacterium 
comprising introducing into a bacterium a nucleic acid operably linked to an ica regulatory 
1 5 nucleic acid, wherein the ica regulatory nucleic acid comprises (a) nucleic acid molecules 
which hybridize under stringent conditions to a nucleic acid molecule having a sequence of 
SEQ ID NO:2, have an addition, deletion or substitution in a region between and including 
nucleotides 9 and 43 of SEQ ID NO:2, and that enhance production of a polysaccharide from 
an ica locus, and (b) complements thereof. The nucleic acid encodes a protein to be over- 
20 produced. 

In one embodiment, the ica regulatory nucleic acid comprises the nucleotide sequence 
of SEQ ID NO;l. In another enibodiment, the ica regulatory nucleic acid comprises the 
nucleotide sequence between and including nucleotides 9 and 38 of SEQ ID NO: 1 . In still 
another embodiment, the ica regulatory nucleic acid comprises a deletion, addition or 

25 substitution in the region between and including nucleotides 24 and 28 of SEQ ID NO:2. 
The ica regulatory nucleic acid may comprise a five nucleotide non- wildtype substitution 
between and including nucleotides 24 and 28 of SEQ ID NO:2. In a related embodiment, the 
five nucleotide non- wildtype substitution has a sequence of AT AAA. 

The invention provides a related method of over-producing a protein in a bacterium 

30 comprising introducing into a bacterium a nucleic acid operably linked to an ica regulatory 
nucleic acid, wherein the ica regulatory nucleic acid comprises a mutant icaR nucleic acid. 
The nucleic acid encodes the protein to be over-produced. 
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In one embodiment, the mutant icaR nucleic acid does not encode a wildtype IcaR 
protein. In another embodiment, the mutant icaR nucleic acid comprises a frameshift 
mutation relative to a wildtype icaR nucleic acid. In yet another embodiment, the mutant icaR 
nucleic acid encodes a truncated IcaR protein. In a further embodiment, the mutant icaR 
5 nucleic acid encodes a mutant IcaR protein that binds to a target less efficiently than wildtype 
IcaR protein. 

In these and other aspects relating to the use of an ica regulatory nucleic acid and a 
mutant icaR coding sequence, the ica regulatory nucleic acid may further comprise a wildtype 
promoter. 

10 Various embodiments apply equally to these protein production methods and these are 

recited below. 

In one embodiment, the bacterium is a Staphylococcus bacterium. In a related 
embodiment, the Staphylococcus bacterium is selected from the group consisting of 
Staphylococcus epidermidis. Staphylococcus aureus. Staphylococcus capitis. Staphylococcus 
15 caprae, Staphylococcus hemolyticus, Staphylococcus auricular is, Staphylococcus 

intermedius, Staphylococcus lugdunensis. Staphylococcus pasteurU and Staphylococcus 
piscifermentans. 

The protein to be over-produced may be virtually any protein. For example, the 
protein may be a therapeutic protein to be used in human and veterinary protocols. An 

20 example of a therapeutic protein is fibrinogen-binding protein, as well as clotting factors. 

Other examples include growth hormones, growth factors, cytokines, antigens, peptides, and 
the like. The protein may also be used prophylactically in these same subjects. The protein 
may also be a protein routinely contained in a vaccine (i.e., a vaccine carrier protein) such as a 
protein with adjuvant activities. The protein may also be a hapten. 

25 The protein may also be a protein useful as a substrate or analyte for assay purposes. 

Examples include IcaA, IcaD, IcaB and IcaC. The protein can also be a marker or reporter 
such as a fluorescent protein. Examples of fluorescent proteins include but are not limited to 
green fluorescent protein, yellow fluorescent protein and cyan fluorescent protein. 

The protein may derive from any source including bacterial, viral, fungal, parasite, or 

30 mammalian sources. Examples of bacterial proteins include Staphylococcal clumping factor 
A, Staphylococcal clumping factor B, Staphylococcal protein A, or Streptococcal protein G. 

The methods can further comprise harvesting the protein from the supernatant or from 
the bacteria themselves and optionally isolating or purifying the proteins. In some 



embodiments, protein production from the bacterium can be measured in order to identify 
over-producing bacteria. 

The invention also intends to embrace the bacteria generated by these methods, and 
the nucleic acids used in the generation of such bacteria. 

According to another aspect of the invention, a method is provided for treating a 
subject having an infection characterized by the presence of a nucleic acid molecule 
comprising a nucleotide sequence of SEQ ID NO:l by administering the isolated binding 
agent that binds selectively to a nucleic acid molecule having a nucleotide sequence of SEQ 
ID NO: 1 to a subject in need of such treatment in an amount effective to treat the subject. 
The infection is not an MN8m infection. 

In one embodiment the disorder is a Staphylococcus infection, such as Staphylococcus 
epidermidis infection. Staphylococcus aureus infection. Staphylococcus capitis infection, 
Staphylococcus caprae infection, Staphylococcus hemolyticus infection. Staphylococcus 
auricularis infection. Staphylococcus intermedius infection. Staphylococcus lugdunensis 
infection. Staphylococcus pasteuri infection, and Staphylococcus piscifermentans infectioa 

Each of the limitations of the invention can encompass various embodiments of the 
invention. It is therefore anticipated that each of the limitations of the invention involving 
any one element or combinations of elements can be included in each aspect of the invention. 

Brief Description of the Sequence Listing 

SEQ ID NO: 1 is the nucleotide sequence of the promoter region of the ica locus 
containing a 5 nucleotide deletion from MN8m. 

SEQ ID NO:2 is the nucleotide sequence of the promoter region of the wild type ica 
locus from either SAl 13 or MN8. 

SEQ ID NO: 3 is the nucleotide sequence of wild type ica locus from S, aureus which 
has been deposited in GenBank under accession number AF086783. 

SEQ ID NO:4 is the nucleotide sequence of the 5 nucleotide deletion in MN8m. 

SEQ ID NO: 5 is the nucleotide sequence of /ca7?F primer. 

SEQ ID NO:6 is the nucleotide sequence of icaRR primer. 

SEQ ID NO:7 is the nucleotide sequence of DelFwd primer. 

SEQ ID NO: 8 is the nucleotide sequence of DelRev primer. 

SEQ ID NO: 9 is the nucleotide sequence of SubFwd primer. 

SEQ ID NO: 10 is the nucleotide sequence of WTshort primer. 
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SEQ ID NO: 11 is the nucleotide sequence of SUB primer. 
SEQ ID NO: 12 is the nucleotide sequence of MUC primer. 
SEQ ID NO: 13 is the nucleotide sequence of icaFWD primer. 
SEQ ID NO: 14 is the nucleotide sequence of /caiJ^F primer. 
5 SEQ ID NO: 15 is the nucleotide sequence of a 198 bp wildtype probe used in gel shift 

analysis. 

SEQ ID NO: 16 is the nucleotide sequence of a 193 bp mutant probe used in gel shift 
analysis. 

SEQ ID NO: 17 is the nucleotide sequence of a 53 bp wildtype probe used for DNA 
1 0 affinity chromatography. 

SEQ ID. NO: 18 is the nucleotide sequence of a 48 bp mutant probe used for DNA 
affinity chromatography. 

SEQ ID NO: 19 is the nucleotide sequence of a wildtype icaR nucleic acid from S. 
aureus (GenBank Accession No, AF086783). 
15 SEQ ID NO:20 is the amino acid sequence of a wildtype IcaR protein from S. aureus 

(GenBank Accession No. AF086783). . 

Brief Description of the Figures 

Fig. 1 shows biofilm elaboration by S. aureus strains expressing either the wild type 
20 ica locus from S. aureus strain MN8 (pWT) or the ica locus from strain MN8m (pMUC). 
Bacteria were grown in microliter wells in TSB+1% glucose overnight. The wells were 
washed and stained with safranin. Strains expressing the ica locus from strain MN8m 
produced a strong biofilm. The Staphylococcal strains and plasmids they carry areas follows: 
Lane 1: MN8m; Lane 2: MN8; Lane 3: MN%T>ica::tet\ Lane 4: MN8D/c^2;.7e^/pWT; Lane 5: 
25 MN8D/ca.;rer/pMUC; Lane 6: 10833; Lane 7: \0%33mca::tet\ Lane 8: 10833D/ca;;re^/pWT; 
Lane 9: 10833D/cfl,\7er/pMUC. The biofilm assay was repeated a minimum of 3 times with 
similar results. 

Fig. 2 shows the sequence comparison of the ica promoters of S. awrew^ strains MN8 
and MN8m. This diagram illustrates the organization of the ica locus. The promoter region of 
30 the ica locus is located between icaR and icaA, This illustration compares the sequences of S. 
aureus strains ATCC 35556 (SAl 13) (published sequence for Accession number AF086783) 
(GAA AAT TAA GTT GCA ATT ACA AAT ATT TCC GTT AAT TAT AAC AAC AAT 
CTA TTG CAA ATT; SEQ ID NO:2), MN8 (GAA AAT TAA GTT GCA ATT ACA AAT 
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ATT TCC GTT AAT TAT AAC AAC AAT CTA TTG CAA ATT; SEQ ID NO:2), and 
MN8m (GAA AAT TAA GTT GCA ATT ACA AA- — -CC GTT AAT TAT AAC AAC 
AAT CTA TTG CAA ATT; SEQ ID NO: 1). A 5-nucleotide deletion was found in the ica 
promoter region of the PNAG-overproducing strain MN8m (indicated by dashes). 
5 Fig. 3 shows the effect on biofilm production following deletion or substitution of a 5- 

bp motif in the ica promoter is sufficient to induce the strong biofilm-producing phenotype in 
S. aureus. Site-directed mutagenesis was performed on the pWT plasmid containing the ica 
locus firom S, aureus MN8 to either delete (pDEL) or substitute (pSUB) the 5-bp TATTT 
motif within the ica promoter. The microtiter assay was then used to measure biofilm 

10 formation. The Staphylococcal strains and the plasmids each carries are as follows: Lane 1 : 
MN^T>ica::tet\ Larie 2: MNSD/ca/./e^/pWT; Lane 3: MN8D/ca;;r^r/pMUC; Lane 4: 
MN8D/ca;;rer/pDEL; Lane 5: MN8D/ca;;fer/pSUB; Lane 6: \0%33T>ica::tet\ Lane 7: 
10833D/ca;;rer/pWT; Lane 8: 10833Dzca;;f^r/pMUC; Lane 9: 10833D/ca;;rer/pDEL; Lane 
10: 10833Dzca;;rer/pSUB. The experiment was repeated 3 times with similar results. 

15 Fig. 4 shows a Northern slot-blot analysis of ica transcript levels in S. aureus strains 

carrying either the wild type (pWT) allele, the PNAG over-producing allele from strain 
MN8m lacking a 5-bp TATTT (SEQ ID NO:4) motif (pMUC), or the constructed alleles with 
a 5-bp deletion (pDEL) or substitution (pSUB) of the TATTT motif in the /ca promoter. Slot- 
blot Northern analysis was performed to semi-qviantitatively analyze the level of ica 

20 transcription in the recombinant staphylococcal strains. The Staphylococcal strains and the 
plasmids each carries areas follows: Lane 1: MN8; Lane 2: MN8m; Lane 3: MN8D/ca;.7e/; 
Lane 4: MN8D/ca. ;rer/pWT; Lane 5: MN8D/ca.-.7er/pMUC; Lane 6: MN8D/ca. ;/er/pDEL; 
Lane 7: MNSDzciaf.-./er/pSUB; Lane 8: 10833; Lane 9: 10833D/ca. ;/e/; Lane 10: 
10833Dzca;.^^//pWT; Lane 11: 10833Dzca. ;rer/pMUC; Lane 12: 10833D/ca;.7er/pDEL; Lane 

25 13: 10833D/ca;.re//pSUB. 

Fig. 5 shows an electrophoretic mobility shift assay to identify DNA-binding proteins 
in S. aureus MN8 cell-free lysates that bind to the ica promoter. Electrophoretic mobility shift 
assay shows that a protein(s) from cell-free MN8 lysate induces a shift in a radiolabeled 198- 
bp stretch of DNA from the ica promoter region. Lanes 1-4 show mobility shift analysis of 

30 WT, the probe from the wild type strain MN8 ica promoter whereas lanes 5-8 contain MUC, 
the probe from the PNAG-over-producing strain MN8m ica promoter. The following 
components were added to the labeled probe: Lane 1 : nothing (free WT probe only); Lane 2: 
lysate from strain MN8; Lane 3: lysate from strain MN8 + 100-fold excess of nonspecific 
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unlabeled competitor DNA; Lane 4: lysate from strain MN8 + 100-fold excess of specific 
competitor DNA; Lane 5: nothing (free probe from strain MN8m ica promoter); Lane 6: 
lysate from strain MN8; Lane 7: lysate from strain MN8 + 100-fold excess of nonspecific 
unlabeled competitor DNA; Lane 8: lysate from strain MN8 + 100-fold excess of specific 
5 competitor DNA. The solid arrow indicates free probe. The three open arrows point to three 
distinct shifts induced in the WT probe. The two upper shifts do not occur upon analysis of 
the MUC probe; only the lower shift, indicated by a notched open arrow, can be seen. 

Fig. 6 shows a 5 3 -bp oligonucleotide firom the wild type ica promoter sequence 
undergoes mobility shift in the presence of a cell-fi:ee lysate from S. aureus. Wtshort, a 

10 radiolabeled 53- bp oligonucleotide probe from the wild type ica promoter was incubated in 
the absence or presence of cell- free extract from S. aureus strain MN8 with and without 
competitor DNA. All lanes contained the labeled probe. Added to the probe: Lane 1 : nothing 
(free probe only); Lane 2: lysate from strain MN8; Lane 3: lysate from strain MN8 + 100-fold 
excess of unlabeled nonspecific competitor oligonucleotide; Lane 4: lysate from strain MN8 + 

15 100-fold excess of unlabeled specific competitor oligonucleotide. The solid arrow points to 
free probe and the open arrows point to two specific mobility shifts. 

Fig. 7 shows that deleting or substituting a 5 -bp TATTT motif within the promoter 
region of the ica locus abrogates mobility shift with cell-free lysates. Radiolabeled 
oligonucleotides representative of a 53-bp region of the ica promoter from wild type S. aureus 

20 (WTshort), a 48-bp sequence of the ica promoter from PNAG-overproducing S, aureus 
MN8m (DEL), or a 53-bp sequence wherein the wild type TATTT motif was changed to 
ATAAA (SUB) were used in gel shift assays to measure binding of proteins within a cell-free 
lysate of S. aureus strain MN8. The free probe is denoted by a solid arrow and the mobility 
shifts are denoted by open arrows. Lane 1 : WTshort probe only (no lysate); Lane 2: WTshort 

25 probe + lysate from strain MN8; Lane 3: DEL probe only (no lysate); Lane 4: DEL probe + 
lysate from strain MN8; Lane 5: SUB probe only (no lysate); Lane 6: SUB probe + lysate 
from strain MN8. 

Fig. 8 shows that recombinant IcaR binds to the ica promoter DNA sequence located 
between the icaR and icaA genes. A radiolabeled oligonucleotide representative of a 198-bp 
30 region containing the ica promoter from wild type S. aureus was added to recombinant IcaR 
protein with either non-specific or specific unlabeled 198-bp oligonucleotide competitors. 
Solid arrow indicates free probe, open arrow is a minor nonspecific mobility shift induced by 
the recombinant protein expression control that is not inhibited by unlabeled, specific 
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oligonucleotide, and open notched arrow (right side of Figure) is the mobiUty shift induced by 
IcaR. Lane 1: Free probe only (no recombinant protein); Lane 2: recombinant protein 
expression control; Lane 3: recombinant protein expression control + lOOX nonspecific cold 
competitor DNA; Lane 4: recombinant protein expression control + lOOX specific cold 
5 competitor; Lane 5: Free probe (no recombinant protein); Lane 6: recombinant IcaR; Lane 7: 
recombinant IcaR + lOX nonspecific cold competitor DNA; Lane 8: IcaR + lOX specific 
competitor DNA; Lane 9: IcaR + lOOX nonspecific cold competitor DNA; Lane 1 0: IcaR + 
lOOX specific competitor DNA. 

Fig. 9 shows that recombinant IcaR binds to the ica promoter from both S, aureus 

10 MN8 and S, aureus MNSm ica alleles. Electrophoretic mobility shift assay using a 

radiolabeled 198-bp oligonucleotide from the wild type strain MN8 (WT probe) or a 193 -bp 
oligonucleotide from the MNSm strain (MUC probe) combined with recombinant IcaR 
protein. Recombinant IcaR binds to both promoters. Lane 1 : free WT probe (no IcaR protein); 
Lane 2: IcaR protein + WT probe; Lane 3: free MUC probe (no IcaR protein); Lane 4: IcaR 

1 5 protein + MUC probe. 

Fig. lOA shows that recombinant IcaR binds immediately upstream from icaA start 
site, DNasel protection in the presence of recombinant IcaR was assayed using a radiolabeled 
198-bp oligonucleotide from the wild type strain MN8 (WT probe). Lane 1 : free DNA probe 
(no IcaR protein); Lane 2: DNA probe + 10 |j.g IcaR; Lane 3: DNasel-digested probe; Lane 4: 

20 sequencing control; Lane 5: DNasel-digested probe + 2.5 jig IcaR; Lane 6: DNasel-digested 
probe + 5 Jig IcaR; Lane 7: DNasel-digested probe + 10 jig IcaR. The region protected by 
IcaR is indicated. The TATTT motif which is deleted in the mucoid strain is not protected by 
IcaR. 

Fig. 1 OB is an illustration of the probe used in the assay shown in Fig. lOA. The 
25 numbers shown correspond to the nucleotides in the probe. The IcaR protein binds just 
upstream from the icoA start and does not bind in the region of the TATTT motif. 

Fig. 1 1 shows that deletion of icaR augments icaADBC transcription in MN8, MNSm, 
and 10833. Total RNA was isolated from the indicated strains, serial dilutions of the RNA 
were made, and lO^ig, 0.4^g, or 8ng of MN8 and 10833 RNA or 2|ig, 0.4|ig, 0.08|ag of 
30 MN8m RNA was immobilized onto nylon membranes using a slot-blot apparatus. The blots 
were probed with a single-stranded DNA probe specific for the icoAD transcript labeled with 
horseradish peroxidase. A chemiluminescent substrate was added and bands were visualized 
by autoradiography. Blots representative of 3 separate experiments are shown. 
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Fig. 12A shows that deletion of the icaR gene augments PNAG production and 
adherence in S. aureus. Bacteria were grown in TSB +1% glucose overnight. Strains MN8 
and 10833 were diluted to OD65o2.0, MNSm strains were diluted to OD65o2.0 and 200 \i\ of 
each culture w£is added to wells in polystyrene microtiter plate. The wells were washed with 
5 PBS and adherent cells stained with safranin. 

Fig. 12B. Following staining, 200(xl PBS was added to each microtiter well and the 
bacteria were homogenized by sonication. Bars reflect the mean OD450 of eight samples and 
error bars, the standard deviations. 

Fig. 12c. Bacteria were grown in TSB+1% glucose ovemight. Cultures were diluted 
10 to OD650 1.0 and 1 ml was centrifliged to pellet the cells. Cell surface extracts were made by 
resuspending bacteria in 50 |xl 5N NaOH. Extracts were cleared by centrifugation, diluted 
Mdth 250 \i\ TBS, and serial 10-fold dilutions of 100 ^il of MN8 and 10833 extracts or of 1 ^il 
of MNSm extract were immobilized on nitrocellulose membranes. The blots were blocked 
with 5% milk, probed with PNAG-specific rabbit antiserum and polyclonal goat anti-rabbit 
15 alkaline phosphatase conjugate. A chemiluminescent substrate was added to the blots and 
bands were visualized by autoradiography. 



Detailed Description of the Invention 

Commxmication between bacterial cells allows them to sense and adapt to their 
20 surroundings. One such method of adaptation is the formation of a complex, structured 

multicellular network called a biofilm. A major component required for biofilm formation is 
production of an extracellular glycocalyx, which is principally composed of polysaccharides 
of bacterial origin. S. aureus which is known for its genetic plasticity and abiHty to thrive 
under a variety of adverse conditions, is thought to regulate the production of this glycocalyx 
25 in response to its environment. 

The major component of the iS. aureus glycocalyx is polymeric beta (C)-l,6-linked N- 
acetyl glucosamine (PNAG). PNAG production and biofilm elaboration protect the bacteria 
from both the host immune system and antibiotics, and can therefore complicate the treatment 
of S, aureus infections. Once an S. aureus biofilm has been established on an implanted 
30 medical device, the infection can be difficult to treat and may require removal of the infected 
device and repair of damaged tissue. 

Production of the polysaccharide is dependent upon the proteins encoded by the 
intercellular adhesion (jca) locus, originally detected in Staphylococcus epidermidis and later 
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foxind by McKenney et al. and Cramton et al. to be present in S. aureus (Cramton et al, 1999; 
Heilmann et al., 1996; McKenney et al, 1998). The ica locus is made up of five genes: icaR, 
icoA^ icaD, icaB and icaC, The icaR gene is transcribed divergently from the other 4 genes, 
and the icoA^ B, C, and D genes appear to be translated from a single transcript. 
5 The invention is based in part on a characterization of mechanisms through which 

transcription of the ica locus, and synthesis of the polysaccharide and biofilm are regulated. 
These findings are based on analysis of using isogenic S. aureus MN8 and MNSmucoid 
(MNSm) strains, the latter of which constitutively over-produces biofilm. 

It was discovered according to the invention that transformation of the ica locus fi*om 

10 MNSm to the ica knockout mutants of two strains, MN8 and NCTC 10833, conferred a strong 
biofilm producing phenotype. Sequence analysis revealed a 5-nucleotide deletion within the 
promoter region of the ica locus in MNSm compared with the sequence in the wild-type 
locus. Mutation of these 5 nucleotides, for example in the form of a deletion or a substitution, 
within the wildtype ica locus augmented transcription of the ica locus and induced the strong 

1 5 biofilm-producing phenotype. 

Gel shift analysis demonstrated that one or more proteins within cell-free lysates from 
strain MN8 bound specifically to oligonucleotides representative of the wildtype ica promoter 
sequence but not to oligonucleotides in which the 5 nucleotides were either deleted or 
substituted. 

20 Prior to the invention, the IcaR protein was postulated to be a regulatory factor 

controlling the ica locus. The amino-terminal third of IcaR exhibits 72% homology and 40% 
identity wdth other regulatory proteins of the TetR family. It was also shown according to the 
invention that purified IcaR binds to the ica promoter sequence independently of the deletion 
of the 5 nucleotide motif, suggesting that IcaR binding alone is not the determinative factor in 

25 biofilm over-production. 

The invention is also premised on the finding that mutation of IcaR protein resulted in 
increased polysaccharide production fi-om bacteria. This was surprising because mutation of 
other proteins that negatively regulate the ica operon does not necessarily correlate with 
increased polysaccharide production even if transcription from the ica locus is upregulated. 

30 Thus, the invention relates to methods of altering the production of polysaccharides 

fi*om bacteria, methods for generating polysaccharide over-producing bacteria, nucleic acids 
used to generate such bacteria, and the bacteria themselves. The polysaccharides are usefiil 
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for inducing immunity to bacterial infection and also for producing antibodies for diagnostic 
and therapeutic purposes. 

Naturally occurring PNAG was previously identified and characterized as a portion of 
the capsule of coagulase-negative Staphylococci (U.S. Patent No. 5,055,455, issued to Gerald 
5 B. Pier). It was found that the PNAG of coagulase-negative Staphylococcus is a component 
of the cell surface and biofilm layer and is involved in protecting the bacterial cell from host 
defenses, such as opsonophagocytosis (Kojima, Y., et. al., (1990) J Infect Dis. 162:435, 
Tojo, M. et al., (1988; J Infect Dis. 157:713. and Goldmann, D. A. and G. B. Pier. (1993) 
Clin Microbiol Rev. 6:1 76.) The chemical structure of the PNAG, however, was not 

10 identified because of the difficulty associated with purifying the isolated PNAG. It was only 
possible to achieve a preparation of approximately 90% purity. Subsequently, the PNAG 
antigen W£is isolated and pvirified to achieve a pure PNAG preparation (McKenney et al. 
Science, 1999, 284: 1523-1527). Production of large quantities of pure PNAG for therapeutic, 
diagnostic, or research purposes, however, has been difficult. 

15 A spontaneous over-producing strain of 5". aureus termed MN8m derived from strain 

MN8 has been isolated and cultured (McKenney et al, Science, 1999, 284: 1523-1527). It has 
now been discovered, according to the invention, that a five base pair deletion in the 
nucleotide sequence of the promoter region of the ica locus of S. aureus strain MN8m is 
associated with the PNAG over-production capability of this strain. The mutation is shown in 

20 SEQ ID NO: 1 which represents a 55 nucleotide fi-agment firom the MN8m ica promoter. A 
schematic of the ica locus is shown in Fig. 2. Also shown in Fig. 2 is a comparison of the 
sequences of this region in S. aureus strain ATCC 35556 (published sequence: Accession 
number AF086783), MN8 and MN8m. In the Figure, the promoter region of ica is located 
between icaR and icaA. The 5 nucleotide deletion is located in this region, and has a 

25 sequence of TATTT (SEQ ID NO: 4). 

The identification of the genetic basis for PNAG over-production has broad 
implications for diagnostics and therapeutics in the field of Staphylococcal infection. For 
instance, bacteria may be manipulated to generate strains carrying the mutated ica promoter. 
Such bacteria can be used to generate large quantities of PNAG. One method for 

30 accomplishing this involves the introduction of a nucleic acid molecule comprising the ica 
locus containing the 5 base pair deletion into any bacteria and preferably Staphylococci 
strains. Staphylococcus bacteria include but are not limited to Staphylococcus epidermidis. 
Staphylococcus aureus. Staphylococcus capitis, Staphylococcus caprae. Staphylococcus 
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hemolyticuSy Staphylococcus auricularis, Staphylococcus intermedius. Staphylococcus 
lugdunensis. Staphylococcus pasteuri and Staphylococcus piscifermentans . 

In one method provided herein, a polysaccharide over-producing bacterium is made by 
introducing into a bacterium, such as those listed above, an ica nucleic acid operably linked to 
5 an ica regulatory nucleic acid, wherein the ica regulatory nucleic acid comprises (a) nucleic 
acid molecules that hybridize under stringent conditions to a nucleic acid molecule having a 
sequence of SEQ ID NO:2, have an addition, deletion or substitution in a region between and 
including nucleotides 9 and 43 of SEQ ID NO:2, and enhance production of a polysaccharide 
from an ica locus, and (b) complements thereof. Preferably, the nucleic acid molecule 

10 harbors at least a mutation at the 5 nucleotide motif that is characteristic of the MN8m strain. 
Mutation at the 5 nucleotide motif embraces an addition, deletion or substitution of one or 
more nucleotide in the motif. 

As used herein, an ''ica nucleic acid" is a nucleic acid molecule coding for IcaA, D, B 
or C. In preferred embodiments, the ica nucleic acid encodes all four genes and is thus 

15 referred to as the ica operon. It comprises the structural genes required for PNAG synthesis. 
This nucleic acid molecule is located dovmstream of the promoter region of the ica locus. It 
does not include the icaR coding sequence which is located upstream of the promoter region. 
SEQ ID NO:3 is the nucleotide sequence of the entire ica locus, including Xh& icaR coding 
sequence, the promoter and the ica operon. 

20 As used herein, an "ica regulatory nucleic acid" is a nucleotide sequence involved in 

transcriptional regulation of the ica locus. An ica regulatory nucleic acid may function by 
coding regulatory factors, such as icaR nucleic acid, or it may be acted upon by regulatory 
factors, such as the ica promoter region. In some embodiments, an ica regulatory nucleic acid 
is operably linked to an ica nucleic acid. In other embodiments, the ica regulatory nucleic 

25 acid is operably linked to one but not all of the structural genes encoded by the ica operon 
(e.g., icaA but not /caADBC). It may also be operably linked to a reporter coding sequence 
or a coding sequence for a protein which is to be over-produced (e.g., a therapeutic protein). 

The ica regulatory nucleic acid may be wildtype or mutant. In preferred 
embodiments, it is mutant and comprises mutations in the five nucleotide motif which is 

30 mutated in MN8m, or mutations in the icaR coding sequence (resulting in mutant IcaR protein 
synthesis), or both. In some embodiments, the ica regulatory nucleic acid comprises a 
mutation in the icaR coding sequence and the wildtype promoter, or vice versa. 
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For example, the ica regulatory nucleic acid may comprise the nucleotide sequence of 
SEQ ID NO: 1 . It may altematively comprise fragments of SEQ ID NO: 1 that themselves 
comprise the MN8m mutation. For example, the ica regulatory nucleic acid may comprise 
the nucleotide sequence between and including nucleotides 9 and 38 of SEQ ID NO: 1 . This 
5 30 nucleotide sequence flanks the 5 nucleotide deletion from MNSm (i.e., there are 15 
nucleotides upstream and downstream of the MNSm mutation). The fragment can be any 
length ranging, as an example, from 10 nucleotides to 160 nucleotides. The ica regulatory 
nucleic acid may also be a nucleic acid that comprises a mutation at the 5 nucleotide motif 
that is not a complete deletion as found in MNSm. Other mutations of the MNSm 5 

10 nucleotide motif may also be part of the ica regulatory nucleic acid and these include 
additions and substitutions (as described herein). 

The promoter region of the ica locus is approximately 163 nucleotides long (from the 
icaR transcriptional start site to the icaA transcriptional start site). In the MNSm strain, the 
promoter lacks a 5 nucleotide stretch of TATTT. A 55 nucleotide fragment of the MNSm 

15 promoter is provided as SEQ ID NO:l . A 60 nucleotide fragment of wildtype promoter is 

provided as SEQ ID NO:2. It is to be understood that any nucleic acid comprising a mutation 
at the 5 nucleotide motif may be used to enhance polysaccharide production from a bacterium. 
Thus, promoter sequences that comprise a mutation (e.g., a deletion, addition or substitution) 
at the 5 nucleotide motif can be any length up to the wildtype length of the promoter (e.g., 

20 approximately 163 nucleotides). The promoter fragments can thus be at least 10, at least 20, 
at least 30, at least 40, at least 50, at least 60, at least 70, at least 80, at least 90, at least 100, at 
least 110, at least 120, at least 130, at least 140, at least 150 or at least 160 nucleotides in 
length. These sequences £ind methods for delivery of these sequences into the cell are 
described in more detail below. 

25 It is to be understood that SEQ ID NO: 1 fragments to be used as ica regulatory nucleic 

acids do not necessarily comprise a mutation at the MNSm 5 nucleotide motif, but in 
important embodiments they do. For example, the mutation may occur in sequence flanking 
the 5 nucleotide motif, and will still have the same effect on transcription of the operably 
linked locus (e.g., ica locus, reporter gene, etc.). As stated previously, the mutation may be 

30 an addition, a deletion or a substitution of wildtype sequence. Deletions and substitutions, 

particularly those relating to the MNSm 5 nucleotide motif may be complete (i.e., affecting all 
5 nucleotides) or partial (affecting fewer than all five nucleotides). 
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In another method, the polysaccharide over-producing bacterium is made by 
recombinantly altering the TATTT nucleotide sequence in the ica promoter region. The 
TATTT nucleotide sequence may be deleted, in whole or in part, or it may be substituted in 
whole or in part to generate a non-wildtype sequence. An example of a five nucleotide non- 
5 wildtype substitution is replacement of the wildtype TATTT sequence with an AT AAA 

sequence. The substituting sequence may be AT-rich, but it is not so limited. Other examples 
of 5 nucleotide substitutions include ACGTA, TATCG, TGCTG, AAACC, CGATC, 
GCTAT, TATGG, TATAA, AAAAA, TTTTT, CCCCC, GGGGG, and so on. Although not 
intending to be bound to any particular theory, it is possible that the sequence of the 5 

10 nucleotide motif controls the conformation of the promoter in that region. That is, for the 
promoter to be boimd by a negative regulatory factor, such as a repressor, it may need to 
adopt a particular conformation, such as a bend. 

The polysaccharide over-producing bacteria can also be made by introducing into a 
bacterium an ica nucleic acid operably linked to an ica regulatory nucleic acid, wherein the 

1 5 ica regulatory nucleic acid comprises a mutant icaR nucleic acid. As used herein, an "/cai? 
nucleic acid" is a nucleic acid molecule that hybridizes under stringent conditions to SEQ ID 
NO: 19 and that codes for a wildtype IcaR protein. Wildtype IcaR protein is a protein capable 
of binding to the ica promoter region, preferably in a region encompassed by 42 nucleotides 
just upstream of the transcriptional start site of icaA, as described below, and thereby 

20 repressing transcription from the ica operon. "Mutant icaR nucleic acid" is a nucleic acid that 
fails to code for wildtype levels of wildtype IcaR protein. The mutant icaR nucleic acid may 
be a complete deletion of the icaR coding region. Alternatively, it may comprise a frameshift 
mutation, or a premature stop codon (resulting in a truncated IcaR protein), or an interruption 
to the reading frame of wildtype icaR, The mutant IcaR protein can be a truncated form of the 

25 wild type IcaR protein. Mutant IcaR proteins also include proteins that do not bind to IcaR 

targets as efficiently as do wild type IcaR proteins. An example of an IcaR target is the region 
defined by nucleotides 150-192 of the ica promoter region, wherein nucleotide 198 denotes 
the transcriptional start site for icaA and nucleotide 29 denotes the transcriptional start site for 
icaR, (See, for example, Jefferson et al. Molecular Microbiology, 48(4):889-899 (2003).) 

30 The polysaccharide over-producing bacterium can also be made by recombinantly 

down-regulating wildtype IcaR protein production, and selecting a polysaccharide over- 
producing bacterium. "Down-regulating wildtype IcaR protein production" can be achieved 
by decreasing the levels of wildtype IcaR protein produced, or by producing a mutant IcaR 
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protein in place of wildtype IcaR protein. For example, the wildtype IcaR protein production 
may be at a level lower than in a wildtype bacterium, and in some embodiments, it may be 
zero. 

The ica regulatory nucleic acids (either wildtype or mutant), ica nucleic acids, reporter 
5 sequences and the like may be introduced into the bacterium using methods known in the art. 
For instance, the cell may be transfected, transduced or transformed with the nucleic acid. 

The bacteria made according to the aforementioned methods can be screened and 
thereby selected based on their ability to over-produce polysaccharide such as PNAG. As 
used herein, "over-produce" refers to a production of a polysaccharide (preferably PNAG) at 
10 a level that exceeds polysaccharide production in a wildtype bacterium. Polysaccharide levels 
can be determined using the biofilm assays described in the Examples (e.g., PNAG slot blot 
assay). When the invention is used to over-produce proteins such as therapeutic proteins, 
"over-produce" refers to production of the protein at a level that exceeds the level of that 
protein in a wildtype bacterium. In some instances the protein to be produced is not a 
15 bacterial protein, and accordingly levels in excess of zero are representative of protein "over- 
production". 

The invention further provides the bacteria made according to the above methods. In 
some embodiments, particularly those relating to bacterium harboring MN8m mutations or 
equivalents thereof, the bacterium is not MN8m. Preferably, the bacterixmi is a 
20 Staphylococcus bacterixmi, such as but not limited to Staphylococcus bacterium, such as 

Staphylococcus epidermidis. Staphylococcus aureus. Staphylococcus capitis. Staphylococcus 
caprae, Staphylococcus hemolyticus. Staphylococcus auricularis, Staphylococcus 
intermedius. Staphylococcus lugdunensis, Staphylococcus pasteuri, or Staphylococcus 
piscifermentans. 

25 Once bacteria comprising the nucleic acid are generated, they can be grown in large 

quantities and cultured to allow production of the PNAG. The PNAG may then be isolated 
from the culture media or the bacteria themselves. The amount of polysaccharide produced 
by the bacterium can be assessed using methods described herein. 

Over-producing bacteria may be cultured in any growth medium supporting the 

30 growth of the particular bacterial strains. A preferred growth medium for Staphylococci is a 
chemically defined medium (CDM) (Hussain, M. et. al., 1991.. J. Med. Microbiol. 34:143) 
composed of RPMI-1640 AUTO-MOD, an RPMI-1640 preparation modified to allow 
sterilization by autoclaving; (Sigma Chemical Go., St. Louis, MO) as a starting base. Phenol 
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red may be omitted because it readily binds to purified PNAG. The CDM is supplemented 
with additional amino acids, vitamins, and nucleotides to give it a final composition similar to 
that described elsewhere (Hussain, M., et. al., 1991. J. Med. Microbiol. 34:143). The medium 
may be further supplemented with dextrose and sucrose at a final concentration of 1 %. 
5 Preferred medium for growth of & aureus is Columbia broth or brain heart infiision broth 
supplemented vsdth glucose at 0.25% (v/v). 

In general, cultures may be inoculated with a single colony of bacteria transfected, 
transduced or transformed with the nucleic acids described herein and grown on an agar plate 
such as trypticase soy agar. Cultures are typically grown vsdth vigorous mixing at 37*^C, with 

10 2 L of Oi/min bubbled through via a sparger and the pH maintained at around 7.0 by addition 
of a base such as 5 M NaOH with a pH titrator. Cultures are preferably grown until they 
cease to need addition of NaOH to maintain the pH at 7.0 (i.e., for 48 - 72 hours). 

An impure PNAG can be prepared from the cultured bacteria by a variety of methods. 
Large quantities of impure material may be used directly or further purified to produce pure 

15 PNAG. An example of a method for isolating impure PNAG involves extracting a crude 

PNAG preparation from a bacterial culture, isolating a high molecular weight PN AG-enriched 
material from the crude PNAG preparation, and precipitating an impure PNAG containing the 
high molecular weight PNAG-enriched material with a solvent such as methanol, ethanol, 
acetone or any other organic solvent known to one skilled in the art as being capable of 

20 causing the precipitation of polysaccharides from aqueous soliitions. The steps of extracting 
the crude PNAG preparation and isolating and precipitating the impure PNAG antigen 
preparation are performed by any methods known in the art, such as those including U.S. 
Patent No. 5,055,455. 

The purification steps are achieved by incubating the impure PNAG antigen with 

25 bacterial enzymes that can digest biological materials, including nucleases such as DNase and 
RNase to digest DNA and RNA, proteases such as proteinase K to digest proteins, addition of 
a solvent that wdll precipitate PNAG out of solution, collection of the precipitate and re- 
dissolution of PNAG in a base, such as NaOH or an acid such as HCl, followed by 
neutralization. The neutralization can be accomplished using a base if the incubation step was 

30 performed with an acid, or with an acid if the incubation step was performed with a base. The 
insoluble fraction from the neutral material is then treated, e.g., by incubation in hydrofluoric 
acid to produce a pure PNAG antigen or by re-dissolution in buffers with a pH < 4.0 followed 
by molecular sieve and/or ion-exchange chromatography to achieve a pure PNAG 
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preparation. PNAG in a crude impure form may also be extracted from the bacterial cells 
directly into the culture supernatant with use of extraction conditions such as divalent cations, 
low pH, and heat. An exemplary method involves the addition of MgCb to the culture to a 
final concentration of 100 mM, followed by an adjustment of the pH to 5.0. The culture is 
5 then heated and stirred. A temperature of 65°C for 90 min is generally satisfactory. The cell 
bodies are sedimented at 9000 x g for 15 min. The supernatant is concentrated to -1000 ml 
via tangential-flow filtration (10,000 molecular weight (MW) cutoff filter), and buffer 
exchanges and treatments are performed while the solution is still in the filtration device. The 
buffer is exchanged with deionized H2O adjusted to a pH of 5.0 (to remove excesses ofMg^^ 
10 ioris). 

Exemplary methods for preparing the crude PNAG from the bacterial cells may vary 
depending on the type of host cell. For instance, methods for isolating PNAG from S. aureus 
will vary slightly from the methods described above. These types of variations are known in 
the art. For instance, when S. aureus is recovered from the culture it is sometimes desirable to 

15 incubate the cells with lysozyme and lysostaphin enzymes followed by a protease such as 
Proteinase K, Pronase E or trypsin and salt precipitations. Another method involves 
recovering the cell-free supemate of the bacterial culture and isolating the PNAG using 
membranes that retain molecules of different molecular weights. Once concentrated, a 
solvent such as methanol, ethanol, acetone or other material capable of causing PNAG to 

20 become insoluble is added in a sufficient volume to precipitate PNAG. The material is then 
subjected to the same enzymatic treatments as described above generally. Other methods for 
harvesting and isolating polysaccharide are known in the art. (See for example Maira et al. 
Infect. Immun. 2002; 70:4433-4440.) 

It is also to be imderstood that the nucleic acids described herein (i.e., the ica 

25 regulatory nucleic acids) may be used in the production of polysaccharides other than PNAG, 
provided that the appropriate coding sequences are operably linked thereto. 

Methods relating to the harvest, isolation and purification of other proteins which are 
produced according to the invention (e.g., therapeutic proteins and the like) will vary 
depending upon the protein. Such methods are known to those of ordinary skill in the art. 

30 The polysaccharide produced from the over-producing bacteria has a beta (P) 1-6 

linkage (i.e., glucosamine monomer units linked together by beta.(p) 1-6 linkages). It can 
have 0-100% acetate substitutions, and can be as small as 2-3 monomer units, but is 
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preferably 4-6 monomer units in length. The corresponding molecular weights for these 
polysaccharides are approximately 400, 600, 800, 1000 and 1200 Daltons. 
In some aspects, the PNAG antigens have the following structure: 



where n is an integer ranging from 2 to greater than or equal to 300, R is selected from 
the group consisting of -NH-CO-CH3 and -NH2. Preferably, less than 50% of the R groups are 
-NH-CO-CH3. In some embodiments, the antigen has a molecular weight of at least 800 
Daltons. 

The size of the PNAG antigens varies greatly. In some aspects, the PNAG antigen is a 
high molecular weight homopolymer of greater than 100,000 Daltons. Polysaccharides 
between 500 and 20,000,000 Daltons will be typical. PNAG antigen having smaller 
molecular weight may be conjugated to carriers when used as therapeutic or diagnostic agents 
or may be used alone. Preferably, the PNAG has a molecular weight of at least 1,000 
Daltons. In other embodiments, PNAG has a molecular weight of at least 2,000 Daltons, at 
least 5,000 Daltons, at least 10,000 Daltons, at least 30,000 Daltons, or at least 100,000 
Daltons. 

In some embodiments and preferably when PNAG is used therapeutically, the PNAG 
antigens are pure PNAG preparations. As used herein, a "pure PNAG preparation" is a 
PNAG preparation which has been isolated and which is greater than 90% free of 
contaminants. In some embodiments, the PNAG is greater than 91%, 92%, 93%, 94%, 95%, 
96%, 97%, 98%, 99% or is 100% free of contaminants. The degree of purity of the PNAG 
antigen can be assessed by any means known in the art. For example, the purity can be 
assessed by chemical analysis assays as well as gas chromatography and nuclear magnetic 
resonance to verify structural aspects of the material. 
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The polysaccharides generated according to the methods of the invention are useful in 
a variety of different applications including in vitro, in situ and in vivo, diagnostics and 
therapeutics. For instance, these compositions may be used to immunize subjects in vivo to 
prevent or treat infection. The compositions may also be used to develop antibodies and other 
binding peptides which are specific for PNAG, and which can be used in the diagnosis and 
treatment of infectious diseases as well as research applications. 

The over-producing bacteria can be used to generate antibodies to the polysaccharide. 
The antibodies may be monoclonal antibodies or polyclonal antibodies. 

Many methods for preparing polyclonal antibodies are known. One example involves 
the combination of the PNAG antigen (or fragment thereof) or antigen conjugate with an 
adjuvant such as Freund's complete adjuvant or other adjuvant (e.g., 100 |ag of conjugate for 
rabbits or mice in 3 volumes of Freund's has been found to be useful) and injected 
intradermally at multiple sites. Approximately one month later, the animals are boosted with 
1/5 - 1/10 of the original amount of antigen or antigen conjugate in adjuvant by subcutaneous 
injection at multiple sites. One to two weeks later the animals are bled, and the serum is 
assayed for the presence of antibody. The animals may be repeatedly boosted until the 
antibody titer plateaus. The animal may be boosted with the PNAG antigen alone, the PNAG 
antigen conjugate, or PNAG conjugated to a different carrier compound with or without an 
adjuvant. 

In addition to supplying a source of polyclonal antibodies, the immunized animals can 
be used to generate PNAG antigen specific monoclonal antibodies. As used herein the term 
"monoclonal antibody" refers to a homogenous population of immunoglobulins which 
specifically bind to the same epitope (i.e. antigenic determinant) of PNAG. Monoclonal 
antibodies can be prepared by any method known in the art such as by immortalizing spleen 
cells isolated from the immunized animal by e.g., fusion with myeloma cells or by Epstein 
Barr Virus transformation and screening for clones expressing the desired antibody. Other 
methods involve isolation of polyclonal antibodies and generating monoclonal antibodies 
using immortalized cell lines. Methods for preparing and using monoclonal antibodies are 
well known in the art. 

Murine anti-PNAG monoclonal antibodies may be made by any of these methods 
utilizing PNAG as an immunogen. The following description of a method for developing an 
anti-PNAG monoclonal antibody is exemplary and is provided for illustrative purposes only. 
Balb/c mice are immunized intraperitoneally with approximately 75-100 \xg of purified 
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PNAG in an complete Freund's adjuvant. Booster injections of approximately 25-50 |Lig 
PNAG in incomplete Freund's are administered on approximately days 15 and 35 after the 
initial injection. On day 60-65, the mice receive booster injections of approximately 25 jag 
PNAG in the absence of adjuvant. Three days later, the mice are killed and the isolated 
5 spleen cells fiised to murine myeloma NS-1 cells using polyethylene glycol by a procedure 
such as that described by Oi (Oi VT: Immunoglobulin-producing hybrid cell lines in 
Herzenberg LA (ed): Selected Methods in Cellular Biology, San Francisco, CA, Freeman, 
(1980)). Hybridoma cells are selected using hypoxanthine, aminopterin, and thymidine 
(HAT) and grown in culture. Fourteen to fifteen days after fiision, hybridoma cells producing 

1 0 anti-PNAG monoclonal antibodies are identified using a solid-phase radioimmunoassay by 
capturing anti-PNAG antibodies from conditioned media with immobilized goat anti-mouse 
IgG followed by quantitation of specifically bound ^^^I-labeled PNAG. Hybridomas testing 
positive for antibodies against PNAG are subcloned by limiting dilution and re-tested. 
Ascites for the hybridomas is then prepared in pristane-primed BALB/c mice by injecting 

15 approximately 1x10^ cells/mouse. Concentrates enriched in the selected monoclonal 

antibodies are produced from ascites fluid by gel filtration on S-200 and concentrated with 
NH4SO4. The pellets are dissolved in an appropriate storage solution such as 50% 
glycerol/H20 and are stored at 4°C. 

An "anti-PNAG antibody" as used herein includes humanized antibodies and antibody 

20 firagments as well as intact monoclonal and polyclonal antibodies. A "humanized monoclonal 
antibody" as used herein is a human monoclonal antibody or fiinctionally active fragment 
thereof having at least human constant regions and a PNAG binding region (e.g., a CDR) 
from a mammal of a species other than a human. 

Human monoclonal antibodies may be made by any of the methods known in the art, 

25 such as those disclosed in US Patent No. 5,567,610, issued to Borrebaeck et al., US Patent 
No. 565,354, issued to Ostberg, US Patent No. 5,571,893, issued to Baker et al, Kozber, J. 
Immunol, 133: 3001 (1984), Brodeur, et al.. Monoclonal Antibody Production Techniques and 
Applications^ p. 51-63 (Marcel Dekker, Inc, new York, 1987), and Boerner et al., J. Immunol.^ 
147: 86-95 (1991). In addition to the conventional methods for preparing human monoclonal 

30 antibodies, such antibodies may also be prepared by immunizing transgenic animals that are 
capable of producing human antibodies (e.g., Jakobovits et al., PNAS USA, 90: 2551 (1993), 
Jakobovits et al.. Nature, 362: 255-258 (1993), Bruggermanh et aU Year in Immunol, 7:33 
(1993) and US Patent No. 5,569,825 issued to Lonberg). 
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The following examples of methods for preparing humanized monoclonal antibodies 
that interact with PNAG are exemplary and are provided for illustrative purposes only. 
Humanized monoclonal antibodies, for example, may be constructed by replacing the non- 
CDR regions of a non-human mammalian antibody with similar regions of human antibodies 
5 while retaining the epitopic specificity of the original antibody. For example, non-human 
CDRs and optionally some of the framework regions may be covalently joined to human FR 
and/or Fc/pFc* regions to produce a functional antibody. There are entities in the United 
States which will synthesize humanized antibodies from specific murine antibody regions 
commercially, such as Protein Design Labs (Mountain View California), Abgenix (Fremont, 

10 CA), and Medarex (Princeton NJ). 

European Patent Application 0239400, the entire contents of which is hereby 
incorporated by reference, provides an exemplary teaching of the production and use of 
humanized monoclonal antibodies in which at least the CDR portion of a murine (or other 
non-human mammal) antibody is included in the humanized antibody. Briefly, the following 

1 5 methods are useful for constructing a humanized CDR monoclonal antibody including at least 
a portion of a mouse CDR. A first replicable expression vector including a suitable promoter 
operably linked to a DNA sequence encoding at least a variable domain of an Ig heavy or 
light chain and the variable domain comprising framework regions from a human antibody 
and a CDR region of a murine antibody is prepared. Optionally a second replicable 

20 expression vector is prepared which includes a suitable promoter operably linked to a DNA 
sequence encoding at least the variable domain of a complementary human Ig light or heavy 
chain respectively. A cell line is then transformed with the vectors. Preferably the cell line is 
an immortalized mammalian cell line of lymphoid origin, such as a myeloma, hybridoma, 
trioma, or quadroma cell line, or is a normal lynriphoid cell which has been immortalized by 

25 transformation with a virus. The transformed cell line is then cultured under conditions 
known to those of skill in the art to produce the humanized antibody. 

As set forth in European Patent Application 0239400 several techniques are well 
known in the art for creating the particular antibody domains to be inserted into the replicable 
vector. (Preferred vectors and recombinant techniques are discussed in greater detail below.) 

30 For example, the DNA sequence encoding the domain may be prepared by oligonucleotide 
synthesis. Altematively a synthetic gene lacking the CDR regions in which four framework 
regions are fused together with suitable restriction sites at the junctions, such that double 
stranded synthetic or restricted subcloned CDR cassettes with sticky ends could be ligated at 
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the junctions of the framework regions. Another method involves the preparation of the DNA 
sequence encoding the variable CDR containing domain by oligonucleotide, site-directed 
mutagenesis. Each of these methods is well known in the art. Therefore, those skilled in the 
art may construct humanized antibodies containing a murine or other type of CDR region 
5 without destroying the specificity of the antibody for its epitope. See, e.g., L. Riechmann et 
al., Nature 332, 323 (1988); M. S. Neuberger et al.. Nature 314, 268 (1985) and EPA 0 239 
400 (published Sep. 30, 1987). Humanized antibodies have particular clinical utility in that 
they specifically recognize PNAG but will not evoke an immune response in humans against 
the antibody itself. 

10 Human antibodies may also be obtained by recovering antibody-producing 

lymphocytes from the blood or other tissues of humans producing antibody to PNAG, e.g., a 
human vaccinated with the antigens described herein. These lymphocytes can be treated to 
produce cells that grow on their own in the laboratory under appropriate culture conditions. 
The cell cultures can be screened for those making antibody to PNAG, such cultures subjected 

15 to cloning to achieve cultures starting from a single cell, and the cloned cultures screened 

again to identify those producing PNAG. Such cultures themselves could be used to produce 
himian monoclonal antibodies to PNAG or the genetic elements encoding the variable 
portions of the heavy and light chain of the antibody can be cloned and inserted into genetic 
vectors for production of antibody of different types. 

20 PNAG binding antibody fragments are also encompassed by the invention. As is well- 

known in the art, only a small portion of an antibody molecule, the paratope, is involved in 
the binding of the antibody to its epitope (see, in general, Clark, W.R. (1986) The 
Experimental Foundations of Modern Immunology Wiley & Sons, Inc., New York; Roitt, I. 
(1991) Essential Immunology^ 7th Ed., Blackwell Scientific Publications, Oxford). The pFc* 

25 and Fc regions of the antibody, for example, are effectors of the complement cascade but are 
not involved in antigen binding. An antibody from which the pFc' region has been 
enzymatically cleaved, or which has been produced without the pFc' region, designated an 
F(ab')2 fragment, retains both of the antigen binding sites of an intact antibody. An isolated 
F(ab')2 fragment is referred to as a bivalent monoclonal fragment because of its two antigen 

30 binding sites. Similarly, an antibody from which the Fc region has been enzymatically 
cleaved, or which has been produced without the Fc region, designated an Fab fragment, 
retains one of the antigen binding sites of an intact antibody molecule. Proceeding further. 
Fab fragments consist of a covalently bound antibody light chain and a portion of the antibody 
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heavy chain denoted Fd (heavy chain variable region). The Fd fragments are the major 
determinant of antibody specificity (a single Fd fragment may be associated with up to ten 
different light chains without altering antibody specificity) and Fd fraginents retain epitope- 
binding ability in isolation. 
5 The terms Fab, Fc, pFc', F(ab')2 and Fv are employed with either standard 

immunological meanings [Klein, Immunology (John Wiley, New York, NY, 1982); Clark, 
W.R. (1986) The Experimental Foundations of Modern Immunology (Wiley & Sons, Inc., 
New York); Roitt, I. (1991) Essential Immunology, 7th Ed., (Blackwell Scientific 
Publications, Oxford)]. Well-known functionally active antibody fragments include but are 

10 not Umited to F(ab*)2, Fab, Fv and Fd fragments of antibodies. These fragments which lack 
the Fc fragment of intact antibody, clear more rapidly from the circulation, and may have less 
non-specific tissue binding than an intact antibody (Wahl et al., J. Nucl Med. 24:3 16-325 
(1983)). For example, single-chain antibodies can be constructed in accordance with the 
methods described in U.S. Patent No. 4,946,778 to Ladner et aL Such single-chain antibodies 

15 include the variable regions of the light and heavy chains joined by a flexible linker moiety. 
Methods for obtaining a single domain antibody ("Fd") which comprises an isolated variable 
heavy chain single domain, also have been reported (see, for example. Ward et al., Nature 
341:644-646 (1989), disclosing a method of screening to identify an antibody heavy chain 
variable region (Vh single domain antibody) with sufficient affinity for its target epitope to 

20 bind thereto in isolated form). Methods for making recombinant Fv fragments based on 

known antibody heavy chain and light chain variable region sequences are known in the art 
and have been described, e.g., Moore et al., US Patent No. 4,462,334. Other references 
describing the use and generation of antibody fragments include e.g.. Fab fragments (Tijssen, 
Practice and Theory of Enzyme Immimoassays (Elsevieer, Amsterdam, 1985)), Fv fragments 

25 (Hochman et al.. Biochemistry 12: 1 130 (1973); Sharon et al,. Biochemistry 15: 1591 (1976); 
Ehrilch et al., U.S. Patent No. 4,355,023) and portions of antibody molecules (Audilore- 
Hargreaves, U.S. patent No. 4,470,925). Thus, those skilled in the art may construct antibody 
fragments from various portions of intact antibodies without destroying the specificity of the 
antibodies for the PNAG epitope. 

30 The antibody fragments also encompass "humanized antibody fragments." As one 

skilled in the art will recognize, such fragments could be prepared by traditional enzymatic 
cleavage of intact humanized antibodies. If, however, intact antibodies are not susceptible to 
such cleavage, because of the nature of the construction involved, the noted constructions can 
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be prepared with immunoglobulin fragments used as the starting materials or, if recombinant 
techniques are used, the DNA sequences, themselves, can be tailored to encode the desired 
"fragment" which, when expressed, can be combined in vivo or in vitro, by chemical or 
biological means, to prepare the final desired intact immunoglobulin fragment. Antibody 
5 fragments and other PNAG binding peptides having binding specificity for PNAG and 

prepared using the PNAG antigen preparations described herein are useful for e.g., diagnostic 
purposes. 

To determine whether a peptide or antibody fragment binds to PNAG any knovm 
binding assay may be employed. For example, the peptide may be immobilized on a surface 

10 and then contacted with a labeled PNAG. The amount of PNAG which interacts with the 
peptide or the amount which does not bind to the peptide may then be quantitated to 
determine whether the peptide binds to PNAG. A surface having an anti-PNAG antibody 
immobilized thereto may serve as a positive control. 

The PNAG of the invention can be used to protect a subject against infection with a 

15 bacteria which has a PNAG capsule on its surface by inducing active immunity to infection by 
Staphylococci in a subject. The method is accomplished by administering to the subject an 
effective amount for inducing an immune response against Staphylococci of the PNAG 
described above. This process is also referred to as active immunity. 

A "subject" as used herein is'^a warm-blooded mammal and includes, for instance, 

20 humans, primates, horses, cows, swine, goats, sheep, dogs, cats and rodents. In some 

embodiments, the subject is a non-rodent subject. A non-rodent subject is any subject as 
defined above, but specifically excluding rodents such as mice, rats and rabbits. 

PNAG is administered to the subject in an effective amount for inducing an immune 
response, such as an antibody response. An "effective amount for inducing an immune 

25 response" as used herein is an amoimt of PNAG which is sufficient to (i) assist the subject in 
producing its ovm immvine protection by e.g. inducing the production of anti-PNAG 
antibodies in the subject, inducing the production of memory cells, and possibly a cytotoxic 
lymphocyte reaction etc. and/or (ii) prevent infection by Staphylococci from occurring in a 
subject that is exposed to Staphylococci. An antigen-specific immune response is an immxme 

30 response which involves immunological memory against a particular antigen. 

An effective amount of a PNAG vaccine for stimulating an antibody response as used 
herein is an amount of PNAG vaccine that is capable of eliciting the production of antibodies 
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that are specific for at least one and preferably at least two species ot Staphylococcus^ e.g., S. 
aureus and S. epidermidis . 

The anti-PNAG antibodies generated according to the invention are useful for 
inducing passive immunization in a subject by preventing the development of infection in 
5 those subjects at risk of exposure to or having been infected with infectious agents. The 
method for inducing passive immunity to infection by Staphylococci is performed by 
administering to a subject an effective amount of an anti-PNAG antibody for inducing 
opsonization of Staphylococci, "Passive immunity" as used herein involves the 
administration of antibodies to a subject, wherein the antibodies are produced in a different 

10 subject (including subjects of the same and different species), such that the antibodies attach 
to the surface of the bacteria and cause the bacteria to be phagocytosed. 

The anti-PNAG antibody of the invention may be administered to any subject at risk 
of developing a Staphylococcal infection to induce passive immunity. The anti-PNAG 
antibody can even be administered to a subject that is incapable of inducing an immune 

1 5 response to an antigen. Although vaccination with a PNAG antigen might not be effective in 
high risk immunocompromised subjects, these subjects will benefit from treatment with 
antibody preparations raised against Staphylococci. A subject that is incapable of inducing an 
immune response is an immunocompromised subject (e.g. patient undergoing chemotherapy, 
AIDS patient, etc.) or a subject that has not yet developed an immune system (e.g. pre-term 

20 neonate). The anti-PNAG antibody may be administered to a subject at risk of developing a 
Staphylococcal infection to prevent inhibit or slow the infectious agent from multiplying in 
the body or to kill the infectious agent. The anti-PNAG antibody may also be administered to 
a subject who already has an infection caused by Staphylococci to prevent, inhibit or slow the 
infectious agent from multiplying in the body or to kill the infectious agent 

25 The invention also encompasses isolated ica regulatory nucleic acid molecules. The 

nucleic acid may comprise (a) nucleic acid molecules which hybridize under stringent 
conditions to a nucleic acid molecule having a sequence of SEQ ID NO:2, have an addition, 
deletion or substitution in a region between and including nucleotides 9 and 43 of SEQ ID 
NO:2, and enhance production of a polysaccharide from an ica locus, and (b) complements 

30 thereof. The isolated nucleic acid may comprise SEQ ID NO:l, or it may comprise the 
nucleotide sequence between and including nucleotides 9 and 38 of SEQ ID NO: 1 . The 
isolated nucleic acid may comprise a deletion, addition or substitution in the region between 
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and including nucleotides 24 and 28 of SEQ ID NO:2 (i.e., the 5 nucleotide motif mutated in 
MN8m). Such deletions, additions or substitutions may be complete or partial. 

The invention also provides an isolated nucleic acid molecule selected from the group 
consisting of (a) a fragment of a nucleic acid molecule having a sequence of SEQ ID NO: 1 , 
5 and (b) complements of (a). Such fragments span a MNSm mutation and enhance production 
of a polysaccharide from an ica locus when operably linked to an ica nucleic acid. As used 
herein, an "MNSm mutation" refers to the five nucleotide deletion found in strain MNSm. In 
other embodiments, the nucleic acid molecule is a fragment of an ica promoter region from 
strain MNSm. The fragment may have a length of at least 10, at least 20, at least 30, at least 

10 40, at least 50, at least 60, at least 70, at least 80, at least 90, at least 100, at least 1 10, at least 
120, at least 130, at least 140, at least 150, or at least 160 nucleotides in length. The 
sequences flanking the MNSm mutation need not be equidistant (i.e., the MNSm mutation 
need not be centered in the fragment). In one embodiment, the fragment has a nucleotide 
sequence between and including nucleotides 9 and 38 of SEQ ID NO: 1 . 

15 The term "stringent conditions" as used herein refers to parameters with which the art 

is familiar. Nucleic acid hybridization parameters may be found in references which compile 
such methods, e.g. Molecular Cloning: A Laboratory Manual, J. Sambrook, et al., eds., 
Second Edition, Cold Spring Harbor Laboratory Press, Cold Spring Harbor, New York, 19S9, 
or Current Protocols in Molecular Biology^ F.M. Ausubel, et al., eds., John Wiley & Sons, 

20 Inc., New York. More specifically, stringent conditions, as used herein, refers to 

hybridization at 65°C in hybridization buffer (3.5 x SSC, 0.02% FicoU, 0.02% Polyvinyl 
pyrolidone, 0.02% Bovine Serum Albumin, 25mM NaH2P04 (pH7), 0.5% SDS, 2mM 
EDTA). SSC is 0.15 M Sodixmi Chloride/0.015 M Sodium Citrate, pH 7; SDS is Sodium 
Dodecyl Sulphate; and EDTA is Ethylene diaminetetraacetic acid. After hybridization, the 

25 membrane upon which the DNA is transferred is washed at 2xSSC at room temperature and 
then at 0.1 - 0.5 X SSC/0.1 X SDS at temperatures up to 6S'*C. Alternatively, stringent 
hybridization may be performed using a commercially available hybridization buffer, such as 
ExpressHyb'^^ buffer (Clontech) using hybridization and washing conditions described by the 
manufacturer. 

30 There are other conditions, reagents, and so forth which can used, which result in a 

similar degree of stringency. The skilled artisan will be familiar with such conditions, and 
thus they are not given here. It will be understood, however, that the skilled artisan will be 
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able to manipulate the conditions in a manner to peraiit the clear identification of variants of 
the ica regulatory nucleic acids. 

In screening for variant nucleic acids, a nucleic acid hybridization such as a Southern 
blot or a Northern blot may be performed using the foregoing conditions, together with a 
5 detectably labeled probe (e.g., radioactive such as ^^P, chemiluminescent, fluorescent labels). 
After washing the membrane to which DNA was finally transferred, the membrane can be 
placed against X-ray film, phosphoimager or other detection device to detect the detectable 
label. 

The compositions described herein may be isolated compositions. As used herein, the 

10 term "isolated" refers to a composition which is separated fi-om the natural environment in 
which it is normally found. For instance an "isolated nucleic acid" is one which is (i) 
amplified in vitro by, for example, polymerase chain reaction (PGR); (ii) recombinantly 
produced by cloning; (iii) purified, as by cleavage and gel separation; or (iv) synthesized by, 
for example, chemical synthesis. An isolated nucleic acid is one which is readily manipulable 

15 by recombinant DNA techniques well known in the art. Thus, a nucleotide sequence 

contained in a vector in which 5' and 3' restriction sites are known or for which polymerase 
chain reaction (PGR) primer sequences have been disclosed is considered isolated but a 
nucleic acid sequence existing in its native state in its natural host is not. An isolated 
composition may be substantially purified, but need not be. For example, a nucleic acid that 

20 is isolated within a cloning or expression vector is not pvire in that it may comprise only a tiny 
percentage of the material in the cell in which it resides. Such a nucleic acid is isolated, 
however, as the term is used herein because it is readily manipulable by standard techniques 
known to those of ordinary skill in the art. An isolated nucleic acid as used herein 
encompasses a non-naturally occurring chromosome as well as total genomic DNA isolated 

25 from cells and tissues. 

A nucleic acid that enhances production of a polysaccharide from an ica locus is a 
nucleic acid sequence which when inserted into an expression vector including an ica gene 
and/or a reporter gene causes an increase in expression in comparison to a wild type ica 
promoter region. For instance when the nucleic acid of SEQ ID NO: 1 is inserted into an 

30 expression vector and is bperably linked to an ica gene in the vector, it results in an increase 
in expression of the ica gene product over that of the nucleic acid of SEQ ID NO:2 inserted 
into the same vector. The skilled artisan is familiar with the methodology for screening cells 
and libraries for expression of molecules from such expression vectors which then are 
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routinely isolated, followed by isolation of the pertinent nucleic acid molecule and 
sequencing. 

Thus the invention also includes expression vectors comprising the isolated ica 
regulatory nucleic acid, operably linked to an ica gene or nucleic acid or a fragment thereof 
5 and/or a reporter gene or other coding sequence (e.g., that of a therapeutic protein). As used 
herein, a "vector" may be any of a number of nucleic acids into which a desired sequence may 
be inserted by restriction and ligation for transport between different genetic environments or 
for expression in a host cell. Vectors are typically composed of DNA although RNA vectors 
are also available. Vectors include, but are not limited to, plasmids, phagemids and virus 

10 genomes. A cloning vector is one which is able to replicate autonomously or after integration 
into the genome in a host cell, and which is fiirther characterized by one or more 
endonuclease restriction sites at which the vector may be cut in a determinable fashion and 
into which a desired DNA sequence may be ligated such that the new recombinant vector 
retains its ability to replicate in the host cell. In the case of plasmids, replication of the 

1 5 desired sequence may occur many times as the plasmid increases in copy number within the 
host bacterium or just a single time per host before the host reproduces by mitosis. In the case 
of phage, replication may occur actively during a lytic phase or passively during a lysogenic 
phase. An expression vector is one into which a desired DNA sequence may be inserted by 
restriction and ligation such that it is operably joined to regulatory sequences and may be 

20 expressed as an RNA transcript. Vectors may further contain one oi* more marker sequences 
suitable for use in the identification of cells which have or have not been transformed or 
transfected with the vector. Markers include, for example, genes encoding proteins which 
increase or decrease either resistance or sensitivity to antibiotics or other compounds, genes 
which encode enzymes whose activities are detectable by standard assays known in the art 

25 (e.g., P-galactosidase, luciferase or alkaline phosphatase), and genes which visibly affect the 
phenotype of transformed or transfected cells, hosts, colonies or plaques (e.g., green 
fluorescent protein). Preferred vectors are those capable of autonomous replication and 
expression of the structural gene products present in the DNA segments to which they are 
operably joined. 

30 Expression vectors containing all the necessary elements for expression are 

commercially available and known to those skilled in the art. See, e.g., Sambrook et al.. 
Molecular Cloning: A Laboratory Manual, Second Edition, Cold Spring Harbor Laboratory 
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Press, 1989. Cells are genetically engineered by the introduction into the cells of the 
expression vector. 

The invention also embraces so-called expression kits, which allow the artisan to 
prepare a desired expression vector or vectors. Such expression kits include at least separate 
5 portions of at least two of the previously discussed materials. Other components may be 
added, as desired. 

The vector may optionally include another gene expression sequence which 
contributes to the expression of the gene with a host cell. A "gene expression sequence" is 
any regulatory nucleotide sequence, such as a promoter sequence or promoter-enhancer 

10 combination, which facilitates the efficient transcription and translation of a nucleic acid to 
which it is operably linked. The gene expression sequence may, for example, be a 
mammalian or viral promoter, such as a constitutive or inducible promoter. Constitutive 
mammalian promoters include, but are not limited to, the promoters for the following genes: 
hypoxanthine phosphoribosyl transferase (HPTR), adenosine deaminase, pyruvate kinase, and 

15 13-actin. Exemplary viral promoters which function constitutively in cells include, for 
example, promoters from the simian virus, papilloma virus, adenovirus, human 
immxmodeficiency virus (HIV), Rous sarcoma virus, cytomegalovirus, the long terminal 
repeats (LTR) of moloney leukemia virus and other retroviruses, and the thymidine kinase 
promoter of herpes simplex virus. Other constitutive promoters are known to those of 

20 ordinary skill in the art. The promoters useful as gene expression sequences of the invention 
also include inducible promoters. Inducible promoters are expressed in the presence of an 
inducing agent. For example, the metallothionein promoter is induced to promote 
transcription and translation in the presence of certain metal ions. Other inducible promoters 
are known to those of ordinary skill in the art. 

25 The ica nucleic acid and the ica regulatory nucleic acid are said to be "operably 

linked" when they are covalently linked in such a way as to place the transcription and/or 
translation of the ica gene coding sequence under the influence or control of the ica regulatory 
nucleic acid. If it is desired that the ica sequence be translated into functional protein(s), two 
DNA sequences are said to be operably linked if induction of a promoter in the 5' gene 

30 expression sequence results in the transcription of the ica sequence and if the nature of the 
linkage between the two DNA sequences does not (1) result in the introduction of a frame- 
shift mutation, (2) interfere with the ability of the promoter region to direct the transcription 
of the ica sequence, or (3) interfere with the ability of the corresponding RNA transcript to be 
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translated into a protein. Thus, a ica gene would be operably linked to a ica regulatory 
nucleic acid if the ica regulatory nucleic acid were capable of effecting transcription of that 
ica gene such that the resulting traniscript might be translated into the desired protein or 
polypeptide. 

5 The expression vector is transfected, transduced or transformed into a host cell. The 

cell can be a eukaryotic or prokaryotic cell but preferably is a bacterial cell. More preferably 
the cell is a Staphylococcal bacterium, which may or may not ordinarily express PNAG. 

The invention also encompasses methods for identifying an isolated binding agents 
that bind selectively or with differential affinities either to SEQ ID NO:l or SEQ ID NO:2. 

10 The method involves contacting a first nucleic acid molecule having the sequence of SEQ ID 
NO:2 or a functionally equivalent fragment thereof with a candidate molecule and 
determining whether the candidate molecule binds to the first nucleic acid molecule, and 
contacting a second nucleic acid molecule having the sequence of SEQ ID NO: 1 or a 
functionally equivalent fragment thereof with the candidate molecule and determining 

15 whether the candidate molecule binds to the second nucleic acid molecule. A candidate 
molecule that binds to either the first or the second nucleic acid molecule but not both is 
indicative of a binding agent. Altematively, a candidate molecule that binds to the sequences 
with differential affinities is also indicative of a suitable binding agent. For example, the 
binding agent may bind with higher affinity to SEQ ID NO:l than to SEQ ID NO:2, or 

20 altematively, it may bind with higher affinity to SEQ ID NO:2 than to SEQ ID NO: 1 . 

As used herein, a functionally equivalent fragment of SEQ ID NO:2 is any fragment of 
SEQ ID NO:2 that can be used in a comparison with SEQ ID NO: 1, and preferably a fragment 
that comprises the five nucleotide sequence that is deleted in MN8m. As used herein, a 
functionally equivalent fragment of SEQ ID NO:l is a fragment that comprises the MN8m 

25 mutation. 

The candidate molecule can be further screened for its ability to modulate 
tremscription from the ica locus. Binding agents that modulate transcription from the ica 
locus are referred to as ica regulatory binding agents, and may be polysaccharide synthesis 
modulators. Transcription assays may involve the use of reporter constructs. 
30 The candidate molecules can be nucleic acid or peptide in nature, but they are not so 

limited. They may be derived from naturally occurring (e.g., a bacterial lysate) or synthetic 
(e.g., a recombinant library) sources. The candidate molecule may be a small molecule, and 
may be derived from a small molecule library (i.e., it is then a library member). The 
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candidate molecule is conjugated to a detectable label. The detectable label may be selected 
from the group consisting of a radioactive label, an enzyme, a biotin molecule, an avidin 
molecule or a fluorochrome, but it is not so limited. The candidate molecule may also be 
conjugated to a cytotoxic agent. 
5 The invention further provides compositions comprising the aforementioned binding 

agents. In one aspect, the invention provides a composition comprising an isolated binding 
agent that binds wdth greater affinity to a nucleic acid having a sequence of SEQ ID NO: 1 
than to SEQ ID NO:2. In another aspect, the invention provides a composition comprising an 
isolated binding agent that binds with greater affinity to a nucleic acid having a sequence of 
1 0 SEQ ID NO:2 than to SEQ ID NO: 1 . 

The isolated binding agents may be identified using methods known in the art for 
assessing binding. An example of a DNA affinity chromatography method is provided in the 
Examples. 

Binding agents may be rationally designed based on known nucleic acid molecular 

15 interactions or may simply be identified by conventional screening methods, such as phage 

display procedures (e.g. methods described in Hart et al., J. Biol Chem, 269:12468 (1994)) or 
screening of libraries such as combinatorial libraries. Many types of combinatorial libraries 
have been described. For instance, U.S. Patent Nos. 5,712,171 (which describes methods for 
constructing arrays of synthetic molecular constmcts by forming a plurality of molecular 

20 constructs having the scaffold backbone of the chemical molecule and modifying at least one 
location on the molecule in a logically-ordered array); 5,962,412 (which describes methods 
for making polymers having specific physiochemical properties); and 5,962,736 (which 
describes specific arrayed compoxmds). 

The isolated binding agent may be conjugated to compounds such as a detectable label 

25 or a cytotoxic agent. The label used can be any detectable functionality that does not interfere 
with the binding of analyte and its binding partner. Numerous labels are known for such use 
in immunoassays. For example, compounds that may be detected directly, such as 
fluorochrome, chemiluminescent, and radioactive labels, as well as compounds that can be 
detected through reaction or derivitization, such as enzymes. Examples of these types of 

30 labels include ^^P, ^"^C, *^^I, ^H, and ^"^^I radioisotopes, fluorophores such as rare earth chelates 
or fluorescein and its derivatives, rhodamine and its derivatives, dansyl, umbelliferone, 
luciferases, such as firefly luciferase and bacterial luciferase (U.S. Patent No. 4,737,456), 
luciferin, 2,3-dihydrophthalavinediones, horseradish peroxidase (HRP), alkaline phosphatase. 
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B- galactosidase, glucoamylase, lysozyme, saccharide oxidases such as glucose oxidase, 
galactose oxidase, and glucose-6-phosphate dehydrogenase. Heterocyclic oxidases such as 
uricase and xanthine oxidase, coupled to an enzjone that uses hydrogen peroxide to oxidize a 
dye precursor such as HRP, lactoperoxidase, or microperoxidase, biotin avidin, spin labels, 
5 bacteriophage labels, and stable free radicals. 

Compositions of the invention may be delivered in conjunction with another anti- 
bacterial drug or in the form of anti-bacterial cocktails or with other bacterial antigens or 
antibodies. An anti-bacterial cocktail is a mixture of agents useful in inhibiting or eliminating 
a bacterial infection. The use of antibiotics in the treatment of bacterial infection is routine. 

10 The use of antigens for inducing active immimization and antibodies to induce passive 

immunization is also routine. In this embodiment, a common administration vehicle (e.g., 
tablet, implant, injectable solution, etc.) could contain both the composition useful in this 
invention and the anti-bacterial drug and/or antigen/antibody. Alternatively, the anti-bacterial 
drug and/or antigen/antibody can be separately dosed, 

15 Antibiotic drugs are well known and include: penicillin G, penicillin V, ampicillin, 

amoxicillin, bacampicillin, cyclacillin, epicillin, hetacillin, pivampicillin, methicillin, 
nafcillin, oxacillin, cloxacillin, dicloxacillin, flucloxacillin, carbenicillin, ticarcillin, avlocillin, 
mezlocillin, piperacillin, amdinocillin, cephalexin, cephradine, cefadoxil, cefaclor, cefazolin, 
ceftiroxime axetil, cefamandole, cefonicid, cefoxitin, cefotaxime, ceftizoxime, cefirienoxine, 

20 ceftriaxone, moxalactam, cefotetan, cefoperazone, ceftazidme, imipenem, clavulanate, 

timentin, sulbactam, neomycin, erythromycin, metronidazole, chloramphenicol, clindamycin, 
lincomycin, vancomycin, trimethoprim-sulfamethoxazole, aminoglycosides, quinolones, 
tetracyclines and rifampin. (See Goodman and Gilman's, Pharmacological Basics of 
Therapeutics, 8th Ed., 1993, McGraw Hill Inc.) 

25 The invention further provides various diagnostic and screening methods. One such 

method is a method of identifying an iea promoter sequence aissociated with polysaccharide 
over-production. The method involves detecting a nucleic acid molecule having a sequence 
alteration from wildtype in a region between and including nucleotides 9 and 43 of SEQ ID 
NO:2. The sequence alteration may be an addition, a deletion or a substitution, or a 

30 combination thereof. There are various ways of detecting such sequence alterations, and 
those of ordinary skill in the art will be familiar with such methods. Some representative 
examples are provided here briefly. These detection methods may involve differential 
binding of probes such as nucleic acid probes, or antibodies, for example. The nucleic acid 
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probes may bind to the MN8m mutation region directly, or alternatively they may bind 
sequences flanking the mutation. Readouts of such assays include presence or absence of 
binding of a probe, differential length of nucleic acids to which the probe binds, presence or 
absence of a PGR product, and differential length of PGR products. 
5 In some PGR based methods, PGR primers may be used which fail to bind to either 

SEQ ID NO:l or SEQ ID NO:2. In this way, a PGR product is only possible in the presence 
of one of these sequences but not the other. In other PGR based methods, the primers may 
bind to a target nucleic acid upstream and downstream of the MN8m mutation region. The 
length of the PGR product generated from a test nucleic acid (or sample containing the nucleic 

10 acid) is then compared to the length of PGR products from SEQ ID NO: 1 and/or SEQ ID 
NO:2. A PGR product that is identical in length to a product amplified from SEQ ID NO:l 
and/or shorter in length to a product amplified form SEQ ID NO:2 is indicative of a nucleic 
acid having an /c<3 promoter sequence associated with polysaccharide over-production. 

In non-PGR based methods, probes can be used that bind either selectively or with 

1 5 greater affinity to SEQ ID NO: 1 relative to binding to SEQ ID NO:2. 

The nucleic acids being analyzed can be derived from a bacterial isolate from a 
subject. Alternatively, they can derive from laboratory strains recombinantly or naturally 
altered. 

The invention further provides a method for identifying an ica regulatory nucleic acid 
20 molecule that enhances polysaccharide production. The method involves altering a nucleic 
acid molecule having a sequence of SEQ ID NO:2, and determining a level of reporter 
production by a bacterium that comprises the altered nucleic acid molecule operably linked to 
reporter nucleic acid. A level of reporter protein production that exceeds wildtype is 
indicative of an ica regulatory nucleic acid molecule that enhances polysaccharide production. 
25 The reporter nucleic acid may be an ica nucleic acid and reporter production is polysaccharide 
production. The nucleic acid molecule may be altered recombinantly or it may be altered 
naturally during bacterial culture. 

The following examples are included for purposes of illustration and are not intended 
30 to limit the scope of the invention. 

Examples 
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Materials and Methods 

Staphylococcal strains: S. aureus strain MN8 is a clinical isolate obtained originally 
from Patrick Schlievert, Minneapolis, MN. Strain MN8m was a spontaneous mutant isolated 
from a chemostat culture of strain MN8 (McKenney et al, 1999). Strain NCTC 10833 (ATCC 
5 25904) is a clumping factor positive variant of a throat swab isolate. Partial deletion of the ica 
locus to produce strains 10833A/ca;.7e/^ and Mi>i%ts.ica::tet was performed as described 
(Cramton et al , 1 999, Cramton et al, 200 la). 

Plasmids, primers, and clonins^ and expression of series in the ica locus: All plasmid 

10 purifications were performed with the QIAprep spin miniprep kit (Qiagen, Valencia, CA). All 
primers were custom synthesized by Qiagen Operon (Alameda, CA). Restriction enzymes and 
DNA modifying enzymes were purchased from New England Biolabs (Beverly, MA). The 
expression plasmid pCRT7-NT (Invitrogen) was used to clone the z'cai? gene and express 
recombinant IcaR protein. The gene was amplified using the primer pair icaRF: TTT CTT 

1 5 CAA AAA TAT ATT TAG TAG CGA ATA CAC (SEQ ID NO:5) and icaRR: AAG GAT 
AAG ATT ATT GAT AAC GCA ATA AC (SEQ ID NO:6). The icaR gene was cloned into 
the vector and expressed in E. coli BL21pLysS cells according to manufacturer's instructions. 
The pCRT7-NT vector adds a tag of 6 histidine residues to the amino-terminus of the protein. 
The IcaR protein and the vector expression control were purified using Probond nickel 

20 affinity chromatography resin (Invitrogen). Plasmid pBT9 is a temperature-sensitive plasmid 
derived from pBT2 which lacks the EcoRI restriction site (Bruckner, 1997). AH plasmid 
constructs were initially transformed into the restriction-deficient S. aureus strain RN4220 
according to the method of Lee (Lee, 1993). Constructs were transferred to other strains of S, 
aureus by transduction using phage 80 (Kasatiya and Baldwin, 1967; Novick, 1967). The ica 

25 loci from different strains were amplified by PCR using previously described primers SAl 1 
and SA12 (Cramton et al., 1999) and the Elongase kit (Invitrogen, Carlsbad, CA). PCR 
products were gel purified using Ultrafree DA spin columns (Millipore, Bedford, MA), 
digested with Kpnl and ligated into the Kpnl site of pBT9. PCR-based site-directed deletion 
mutagenesis was performed using the following primer pair: DelFwd: CCG TTT AAT TAT 

30 AAC AAC AAT CTA TTG C (SEQ ID NO:7) and DelRev: TTT GTA ATT GCA ACT TAA 
TTT TCC TGT AAC (SEQ ID NO:8). PCR-based substitution mutagenesis was performed 
using the following primer pair: DelRev + SubFwd ATA AAC CGT TTA ATT ATA ACA 
ACA ATC TAA TTG C (SEQ ID NO:9). PCR was performed using the Elongase kit. 
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template DNA was digested with Dpnl for 30 min at ST'^C, DNA ends were phosphorylated 
with T4 kinase, and the PGR products were blunt-end ligated. Ail mutations were confirmed 
by DNA sequencing which was carried out by the Microbiology Core Facility at Harvard 
Medical School (Boston, MA). 

5 

Biofilm assay: Microliter plate assays for biofilm production were performed 
essentially as described by Christensen with minor modifications (Christensen et al , 1985). 
Cultures were grown overnight in 10 ml of tryptic soy broth (TSB) + 1% glucose, diluted 
1 :200 in TSB+glucose, and aliquoted into 96- well polystyrene flat bottom microliter plates 
10 firom Coming (Coming, NY). After 24 hr at 30°C (the permissive temperature for the pBT9 
vector that was present in strains used in the biofilm assays) the wells were emptied and 
washed twice with phosphate buffered saline (PBS). The plates were dried at ambient 
temperature, stained for 30 sec with safranin, washed under gently running tap water and 
scanned using a digital scanner. 

15 

RNA Slot-Blot Analysis: S. aureus cultures were grown in TSB +1% glucose at 37°C 
for 16 hr. RNA was extracted firom 10^ cells using the Rneasy miniprep kit (Qiagen) as 
described in the manufacturer's instructions except that 0.5 mg/ml lysostaphin was used in 
place of lysozyme to lyse the cells. RNA samples were treated with DNase, RNA 
20 concentrations were determined by absorbance at 260 nm and 4 mg of each sample was 
immobilized on a nylon membrane. The single icoA, icaD, icaB, and icaC transcript was 
detected by hybridization analysis essentially as described by Cramton et al. (Cramton e/^ a/., 
2001b) except that the DNA probe was labeled using the ECL direct nucleic acid labeling and 
detection system (Amersham). 

25 

Preparation ofS. aureus lysates for gel electrophoretic mobility shift assays: Five 
hundred milliliters of TSB were inoculated with 5 ml of an overnight culture of 5. aureus 
MN8. Cultures were well aerated and grown at 37'^C for 5 hr (OD600 = 0.9). Cells were lysed 
essentially as described by Foumier (Foumier et al.^ 2000); they were first washed in 25 ml 
30 buffer A (20 mM Tris-HCl, 50 mM MgCb, 1 mM dithiothreitol (DTT), 0.1 mM EDTA, 5% 
glycerol), frozen for 2 hr at -80°C, and lysed in 5 ml buffer A containing 1 00 mg/ml 
lysostaphin and EDTA-free Complete Protease Inhibitors (Boehringer Mannheim) for 3.5 hr 
on ice. Three ml buffer A + 1.3 M KCl was added and the incubation was continued on ice for 
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30 min. Lysates were cleared by centrifugation, filter-sterilized, and dialyzed through a 3,500 
MWCO membrane (Pierce, Rockford, IL) overnight against 4 L 10 mM HEPES + 1 mM 
MgCb + 0.5 mM DTT at 4°C. 

5 Oligonucleotide probes for electrophoretic mobility shift assay: Double-stranded 

oligonucleotides were generated by combining a primer with its reverse complement (10 pM 
each) in 50 mM Tris-HCl + 50 mM NaGl, warming the reaction to 80°Ci and allowing it to 
cool at l°C/min to 25°C. The following three primers were used: WTshort: CTA TGT TAG 
AGG AAA ATT AAG TTG CAA TTA CAA ATA TTT CCG TTT AAT TAT AA (SEQ ID 

10 NO:10); SUB: CTA TGT TAG AGG AAA ATT AAG TTG GAA TTA GAA AAT AAA 
GGG TTT AAT TAT AA (SEQ ID NO: 1 1 ); and MUG: GTA TGT TAG AGG AAA ATT 
AAG TTG CAA TTA CAA AGG GTT TAA TTA TAA (SEQ ID NO: 12). A 198 bp probe 
was generated by PGR using genomic DNA as a template obtained from either S. aureus 
MN8 to yield the WT probe or S. aureus MN8m to yield the MUG probe using the following 

1 5 primer pair: icaFWD: 5'- ATT GGG TTA TCA ATA ATC TTA TGG TTG -3' (SEQ ID 

NO:13) and icaREV: 5'- TTG GAA TTT GTT TAG GTA GGT TTG -3' (SEQ ID NO:14). The 
PGR product was purified using the Qiagen PGR purification kit. For gel shift analysis the 
double-stranded probes were labeled with [y- 32P]ATP using T4 kinase. 

The 198 bp (wildtype) probe used in the gel shift has the sequence of ATT GGG TTA 

20 TCA ATA ATC TTA TGG TTG AAT TTT TAT AAG GGG CTA CTG AAA ATT AAT 
GAG ACT ATG TTA GAG GAA AAT TAA GTT GCA ATT ACA AAT ATT TGG GTT 
TAA TTA TAA GAA GAA TGT ATT GCA AAT TAA AAT ACT ATC AAT TAG CAT 
ATG GGT TAG AAG GTA ACT AAG GAA AGG TAG GTA AAG AAA TTG CAA (SEQ 
ID NO: 15). The 193 bp (mutant) probe used in the gel shift has the sequence of ATT GGG 

25 TTA TCA ATA ATC TTA TGG TTG AAT TTT TAT AAG CCG CTA CTG AAA ATT 
AAT GAG ACT ATG TTA GAG GAA AAT TAA GTT GCA ATT ACA AAG GGT TTA 
ATT ATA ACA ACA ATG TAT TGG AAA TTA AAA TAG TAT CAA TTA CCA TAT 
GGG TTA CAA GGT AAG TAA CGA AAG GTA GGT AAA GAA ATT GCA A (SEQ ID 
NO:16). 

30 The 53 bp (wildtype) probe used for DNA affinity chromatography (i.e., used to 

isolate transcription factors that bind to the ica promoter) has the sequence CTA TGT TAG 
AGG AAA ATT AAG TTG CAA TTA GAA ATA TTT GGG TTT AAT TAT AA (SEQ ID 
NO: 17). The 48 bp (mutant) probe used for DNA affinity chromatography (i.e., used to 
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isolate transcription factors that bind to the ica promoter) has the sequence CTA TGT TAG 
AGO AAA ATT AAG TTG CAA TTA CAA ACC GTT TAA TTA TAA (SEQ ID NO: 1 8). 
These latter probes were used to show the existence of a DNA binding protein having 
differential binding affinity for the mutated sequence. 

5 

Electrophoretic mobility shift: Gel shift assays were performed essentially as 
described by Foumier (Foumier et al, 2000). A 20 ml binding reaction containing 10 mg 
protein from the cell-free lysate, or 1 mg of purified recombinant IcaR, 1 mg sonicated 
salmon sperm DNA and 1 mg poly dl-dC in binding buffer (10 mM HEPES, 60 mM KCl, 4 
10 mM MgCb, 0.1 mM EDTA, 0.1 mg/ml BSA, and 0.25 mM DTT) was incubated on ice for 10 
min before adding 1 ml (20,000 cpm) radiolabeled probe. The reaction was incubated for an 
additional 15 min on ice and loaded onto a 5 % non-denaturing polyacrylamide gel and 
electrophoresed in IX Tris/borate/EDTA (TBE) at 125V for 1.5 hours. Gels were dried and 
exposed to radiographic film overnight at - 80*^C. 

15 

Preparation of S. aureus lysate for DNA affinity chromatosraphy: 5 liters of TSB was 
inoculated with 50 ml of an ovemight culture of MN8. Cultures were well aerated and grown 
at 37°C for 5 hr (OD600 = 0.9). Cells were washed in phospate buffered saline (PBS) and 
frozen at -80°C overnight. The cells were thawed and lysed in 15 ml buffer A (20 mM Tris- 

20 HCl, 50 mM MgCb, 1 mM ditWothreitol (DTT), 0.1 mM EDTA, 5% glycerol) containing 
EDTA-free Complete protease inhibitors (Boehringer Mannheim) and 100 micrograms/ml 
lysostaphin on ice for 3 hours. 9 ml buffer A + 1 .3 M KCl was added and the incubation was 
continued on ice for 30 min. Proteins were precipitated in 50% ammonium sulfate for .1 hr. at 
4°C and removed from solution by centrifugation (14,000 rpm for 30 min). The proteins were 

25 resuspended in 2 ml PBS and dialyzed ovemight (3,500 MWCO membrane) against 4 L 
HEPES at 4°C. 

DNA affinity chromatosraphy: 2 nmol double stranded probe (CTA TGT TAG AGG 
AAA ATT AAG TTG CAA TTA CAA ATA TTT CCG TTT AAT TAT AA (SEQ ID 
30 NO: 17)) was immobilized on 10 mg of Dynabeads (Dynal) according to manufacturer's 

instructions. The beads were equilibrated with binding buffer (10 mM HEPES, 60 mM KCl, 
4mM MgCb, 0.1 mM EDTA, 0.1 mg/ml BSA, and 0.25 mM DTT). The cell-free lysate from 
5L culture of MN8 was combined with 6 mL binding buffer and 1.5 mg sonicated salmon 
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sperm DNA (SSS) and chilled on ice for 10 min. The lysate mixture was added to the beads 
and incubated on ice for 10 min. The beads were washed once with BB+ 200mg/ml sonicated 
and twice with BB without BSA or SSS. DNA-binding proteins were eluted with 1 ml 10 
mM HEPES + 0.25 M KCl. The eluate was concentrated and desalted using Microcon YM- 
5 3.5 centrifugal concentrators (Millipore). The concentrated sample was subjected to SDS 
PAGE using Nu-PAGE 4-15% gradient gels and MOPS buffer (Invitrogen). The SDS PAGE 
gel was stained with Coomassie blue and protein bands were excised with a razor blade and 
sequenced by mass spectral analysis. 

10 Results 

The phenotype of a PNAG-hyperproducins strain is due to chanses within the ica 
locus. The initial hypothesis of this study was that PNAG-overproduction by S. aureus strain 
MN8m was due to a mutation within the ica locus itself and that the phenotype could be 
transferred to other strains by a plasmid-bom copy of the MN8m ica locus. To test this, the 

15 entire ica locus from S, aureus MN8 or S. aureus MNSm was cloned into the temperature- 
sensitive plasmid pBT9 to create pWT (from strain MN8) and pMUC (from strain MN8m). 
The plasmids were electroporated into S. aureus RN4220 then transduced using phage 80 into 
two S, aureus strains in which the chromosomal copy of icaADBC was replaced with a 
tetracycline resistance cassette (Cramton et al., 1999). The pWT construct restored the wild 

20 type biofilm phenotype (i.e., a modest biofilm was produced but only in the presence of 1% 
glucose in the growth medium) (Fig. 1). The pMUC construct conferred the PNAG over- 
producing phenotype to both of the S, aureus ica knockout strains (Fig. 1). Strains 
lOS33Dica: :tet/pMUC and MNSDica::tet/pM\JC elaborated a thick biofilm with macroscopic 
aggregates of bacterial cells visible on the plastic wells. These results supported the 

25 hypothesis that the mucoid phenotype of MNSm results from mutations within the ica locus 
itself. 

A 5-nucleotide deletion in the ica promoter resion augments transcription of the ica 
locus and induces constitutive hvperproduction of PNAG. A sequence analysis was 
30 performed to search for mutations within the ica locus of S. aureus strain MN8m which could 
be responsible for the PNAG hyper-producing phenotype. A 5 bp deletion was found within 
the promoter region of the ica locus from strain MN8m when compared with the same 
sequence from strain MN8 (Fig. 2). Site-directed mutagenesis was then used to delete the 5 
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bp motif in the plasmid pWT to create plasmid pDEL. As Fig. 3 shows, pDEL induced heavy 
biofilm and cell cluster formation in S. aureus strains lOS33Dica: :tet/pDEL and 
MNSDica::tet /pDEL indicating that the 5 bp deletion was sufficient to induce the constitutive 
PNAG-over-producing phenotype. 
5 In order to determine whether the loss of the exact sequence or the change in length of 

DNA was responsible for the over-producing phenotype, site-directed mutagenesis was used 
to substitute the original sequence, TATTT (SEQ ID NO:4), with 5 pomplementary bases, 
ATAAA, within the ica promoter region of plasmid pWT to create plasmid pSUB. The 
substitution mutant plasmid, pSUB, also induced strong biofilm formation and cell cluster 

10 formation in lOS33Dica::tet/pSUB and MN8D/ca;;/e//pSUB, although it was noted that the 
biofilm formed by MNSDica::tet/pS\JB was not as thick as the biofilm formed by 
MNSDica::tet/pMUC or MNSDica::tet/pDEL (Fig. 3). To confirm that the increase in 
biofilm elaboration in the recombinant S. aureus strains was due to an increase in 
transcription of the ica locus. Northern slot-blot analysis was performed. The pWT plasmid 

1 5 restored wild type levels of ica transcription to S. aureus strains MNSDica and 

lOS33Dica::tet whereas the pMUC, pDEL, and pSUB constructs induced levels of ica 
expression in the ica knock-out strains comparable to that detected in strain MN8m (Fig. 4). 
Together these results indicate that this particular TATTT motif within the ica promoter 
region plays a critical role in regulating ica transcription and subsequent biofilm-production. 

20 

Cell-free Ivsate from S. aureus induces shifts in the electrophoretic mobility of an 
olisonucleotide containing the TATTT motif The results firom the genetic analysis lead to the 
hypothesis that the 5 bp motif occurred within the binding site for a repressor of ica 
transcription. The promoter for the entire ica locus is believed to be located within the 1 64 bp 

25 region between the divergently-transcribed start codons of icaR and icaA. A 198 bp stretch of 
DNA containing the promoter plus the first few nucleotides of the icaR and icaA genes was 
generated from 5. aureus strains MN8 or MN8m total DNA by PGR, radiolabeled, and 
combined with cell fi-ee lysate from S. aureus strain MN8 for gel shift analysis. Reproducible 
mobility shifts occurred with the WT probe (Fig. 5), and two prominent bands were 

30 consistently noted in the presence of MN8 cell-free lysates. Fig. 5 also shows that a non- 
labeled specific competitor competes for binding to the protein causing the mobility shift 
(lane 4) whereas a nonspecific competitor has no effect on the mobility shift of the target 
DNA sequence (lane 3). When 2inEdyzed for the ability to bind to a probe containing the 5 bp 
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deletion in the S. aureus strain MN8m locus, it was found that the lower band was also 
detected by gel shift analysis with the MUC probe whereas the upper band could not be 
detected, even after prolonged exposure of the film (Fig. 5). A series of oligonucleotides was 
designed to identify the shortest sequence containing this 5 bp motif that was shifted by factors 
5 within the iysate of strain MN8. A 53 bp probe, WTshort, was the shortest oligonucleotide 
containing the 5 bp sequence to be shifted by the lysate from S. aureus strain MN8 (Fig. 6). 
The lysate caused two distinct shifts in the Wtshort probe which were competitively inhibited 
by imlabeled Wtshort but not by an unlabeled nonspecific probe. 

10 The DNA-binding factor in S, aureus MN8 lysate has a higher affinity for the 

wildtype sequence. Short (53 bp) oligonucleotides were also generated which contained the 5 
bp deletion (DEL) or the 5 bp substitution (SUB). Fig. 7 indicates that the DEL and SUB 
probes were not shifted by the factor(s) in the MN8 lysate as was the WT probe. These 
results demonstrate that the 5 bp motif is required for binding of at least one staphylococcal 

15 DNA binding protein. These findings thus support the conclusion that the DNA binding 

protein is a repressor and that the constitutive PNAG-overproduction by strain MN8m and S. 
aureus strains transduced with the pMUC, pDEL, and pSUB constructs is due to the inability 
of this repressor to bind to the altered ica promoter. 

20 Recombinant IcaR induces a mobility shift in the wildtype and mutant probes. The 

protein encoded by the icaR gene exhibits homology to the TetR family of regulatory 
proteins. It was hypothesized that IcaR was the DNA binding protein detected in the mobility 
shift assays. Recombinant, histidine-tagged IcaR was expressed in E. coli and purified by 
nickel affinity chromatography. The purified protein was subjected to gel shift analysis using 

25 the 198 bp WT probe. Recombinant IcaR produced a shift in the mobility of the 198 bp WT 
probe (Fig. 8). The specificity of the mobility shift is indicated by the loss of the shifted band 
when a 100-fold excess of specific unlabeled competitor DNA was used. A nonspecific 
competitor, a 198 bp stretch of DNA from the icaA gene coding sequence, had no effect on 
the mobility shift (Fig. 8). The vector control induced a weak shift but this shift was not 

30 reduced by a 100-fold excess of specific competitor, indicating the non-specific nature of the 
minor shift observed. There was no detectable difference in the binding of recombinant IcaR 
to the WT and MUC probes (Fig. 9). When the 53 bp probe was used, WTshort (see Fig. 6) 
in a gel shift assay with IcaR no binding to the probe was seen (data not shown). This 
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suggests that a DNA binding protein(s) other than IcaR is involved in regulation of ica 
transcription that is affected by the 5 bp deletion in the ica locus of strain MN8m. 

IcaR binds to the DNA sequence proximal to icaA. A a solid-phase DNasel protection 
5 technique was used to locate the IcaR-binding domain within the ica promoter. Recombinant 
IcaR protected a 42-bp region immediately upstream from the icoA gene but did not bind in 
the region containing the 5-bp TATTT motif (Fig. 10). This finding supports the conclusion 
that the role of the 5-bp motif in transcriptional control of the ica locus is independent of IcaR 
and suggests that IcaR may function by sterically hindering the binding of the a-factor of the 
10 RNA polymerase complex to the icaA promoter. 

DNA Affinity Chromatosraphy: Double-stranded, terminally-biotinylated DNA 
oligonucleotide with the following sequence CTA TGT TAG AGO AAA ATT AAG TTG 
CAA TTA CAA ATA TTT CCG TTT AAT TAT AA (SEQ ID NO: 17) was coupled to 

15 streptavidin-coated magnetic beads (Dynabeads, Dynal). Lysate was made from 5. aureus 
strain MN8 and added to the beads in the presence of non-specific carrier DNA so that 
specific oligo-binding proteins could bind to the beads. A magnet was used to pull the beads 
(and consequently the DNA-binding proteins) out of solution. The beads were washed Eind 
the proteins eluted in high salt. The proteins were then electrophoresed on a denaturing 

20 polyacrylamide gel, stained with Commassie blue, excised using a razor blade and sequence 
analyzed by mass spectral analysis. 

This analysis demonstrated that IcaR boimd to the ica wildtype promoter, but was not 
isolated by DNA affinity chromatography. IcaR corresponds to GenBank deposit having 
accession number BAB58827 (14248440). Proteins that were isolated by DNA affinity 

25 chromatography include DNA-binding protein II (nucleic acid sequence GenBank deposit 
having accession number NP_371997 (15924463)); TcaR transcription regulator (nucleic 
acid sequence GenBank deposit having accession number NP_372881 (15925347)); and sarA 
(Staphylococcal accessory regulator A) (nucleic acid sequence GenBank deposit having 
accession number NP_371 140 (15923606)). 



Discussion 

Virtually all clinical isolates of S. epidermidis and S, aureus carry the ica genes 
(MuUer et aL, 1993; Ziebuhr et al.^ 1997). The ica locus has been shown to correlate with 
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biomaterial adherence, a feature that differentiated commensal skin isolates of S. epidermidis 
from isolates recovered from prosthetic joint infections (Galdbart et aL, 2000). Despite its 
importance in pathogenesis, very little is known about the regulation of transcription of the 
ica locus. Although a role for the alternative sigma factor sigma^ has been suggested, the 
5 lack of a sigma^ consensus binding site within the promoter sheds doubt on its direct 
involvement in the transcriptional activation of ica (Knobloch et al, 2001 ; Rachid et aL, 
2000a; Rachid et aL, 2000b). The S. aureus strain MN8m was previously shown by 
immunochemical analysis to constitutively over-produce PNAG (McKenney et aL, 1999). 
Using this strain to probe the regulation of ica transcription and biofilm formation, it has now 

1 0 been demonstrated according to the invention that a specific 5 bp motif in the ica promoter 
region plays an important role in the control of transcription of this locus and that the 
spontaneous loss of this putative binding site in S, aureus strain MN8m is the cause for the 
PNAG-over-producing phenotype. Transfer of the strain MN8m ica allele to two S. aureus 
strains deleted for the chromosomal ica locus also resulted in hyperproduction of PNAG as 

15 determined in the biofilm assay. Gel mobility shift studies showed the presence of 

cytoplasmic DNA binding proteins that bound to the wild-type but not mutant ica promoter. 
Further analysis of the IcaR protein also showed that it bound specifically to the ica promoter 
but that there was no difference in the binding of IcaR to wild-type or mutant promoter 
sequences. 

20 The IcaR protein, which exhibits homology to the tetracycline regulatable (TetR) 

family of transcriptional regulators. The data presented herein show that IcaR is a DNA 
binding protein which attaches specifically to the ica promoter region. Gel mobility shifts 
with probes of varying lengths indicated that a relatively long (between 160-198 nucleotides) 
stretch of DNA is required for binding of IcaR. Within the sequence of DNA bound by IcaR 

25 is an 8 bp perfect inverted repeat. One repeat is proximal to the 5 bp motif that is deleted in 
the ica allele from strain MN8m, and the other is found at the start site of the icoA gene. The 
two repeats are separated by 100 nucleotides. The TetR family of DNA-binding proteins bind 
as dimers to such inverted repeats; it is therefore possible that IcaR inhibits transcription of 
ica by binding to the inverted repeats as a dimer and causing the intervening sequence to form 

30 a loop of DNA that prevents gene transcription. The finding that IcaR bound equally well to 
the full-length ica promoter regions from strains MN8 (WT) and MNSm (MUC) was 
unexpected given that the absence of the 5 nucleotide motif results in high levels of ica 
transcription. One protein, possibly IcaR, was found within crude cell-free extracts from 
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strain MN8 that bound to both full-length WT and MUC promoter sequences equivalently and 
a second mobility shift occurred when the WT, but not the MUC promoter sequence, was 
used. In addition, a protein within the crude extracts was able to shift a 53-bp portion of the 
WT but not the MUC ica promoter sequence, whereas recombinant IcaR failed to bind to 
5 either of these short probes. Together these findings indicate that other DNA binding proteins 
are involved in interactions with the ica promoter and in regulating its transcription. These 
proteins include SarA, hu and TcrA. 

One explanation for the failure of IcaR to discriminate between the WT and MUC 
promoter sequences is that the TATTT motif that is deleted in the MN8m ica promoter is 

10 normally required for precise bending of the ica locus and subsequent binding of IcaR, but 
that this bending is not affected to the same degree in a 198 bp recreation of the promoter. 
Stretches of adenosine and thymidine residues cause intrinsic bends in DNA. If IcaR does 
bind to the inverted repeat within the ica promoter then an intrinsic bend might be required to 
bring the two repeats close enough together to be bound by the IcaR protein. Using the 

1 5 program Model-it, it was found according to the invention, that deletion of TATTT reduces an 
intrinsic bend within the ica promoter and substitution of the motif with AT AAA causes the 
DNA to bend in the opposite direction (data not shown). 

In summary, the TATTT motif located in the center of the ica promoter plays a critical 
role in the regulation of the ica locus. The IcaR protein is a DNA binding protein that 

20 attaches specifically to the DNA within the ica promoter region. At least one other 

staphylococcal DNA binding protein binds within the ica promoter and this binding is 
dependent upon the presence of the TATTT motif. These findings provide additional insight 
into understanding the mechanism of transcriptional regulation of the staphylococcal ica 
locus. 

25 
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Example 2: 
10 Introduction: 

A DNA affinity chromatography (DAC) system was developed to purify potential 
regulatory proteins that bind to the ica promoter region. Using this technique it was shown 
that the staphylococcal gene regulator SarA, a MarR family transcriptional regulator of the 
teicoplanin associated locus, TcaR, DNA-binding protein II, and Topoisomerase IV bound to 

1 5 the ica promoter. Site-directed deletion mutagenesis of TcaR indicated that TcaR is a 

negative regulator of ica transcription but an effect on PNAG production was not detected in 
two clinical isolates. The role of IcaR was also studied. IcaR is encoded within the ica locus 
but divergently transcribed from the biosynthetic genes. It was shown that IcaR is also a 
negative regulator of the ica transcription, PNAG production, and biofilm formation. Overall, 

20 there are multiple /ca-promoter binding proteins with potential regulatory functions, the 
activities of which may be manifest under the different conditions known to affect 
staphylococcal biofilm formation. 

Materials & Methods 

25 Staphylococcal strains and media. The same strains as described in Example 1 were 

used in these experiments. The strains were grown at 37^C on tryptic soy agar plates 
containing the appropriate antibiotic. Liquid cultures were either in Tryptic Soy broth (TSB) 
lacking glucose (17g/L peptone from casein, 3g/L peptone from soymeal, 5g/L NaCl, 2.5g/L 
K2HPO4) or in TSB-H 1% glucose (TSBG). 



Plasmids. primers, and cloning. Some plasmids are as described in Example 1 . The 
expression plasmid pCRT7-NT (Invitrogen) was used to clone and express the tcaR gene. 
The tcaR gene was amplified using the primer pair tcaRF : 
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(TTTCTTCAAAAATATATTTAGTAGCGAATACAC) and tcaRR: 
(AAGGATAAGATTATTGATAACGCAATAAC). The recombinant proteins were 
expressed in E. coli BL21pLysS cells according to manufacturer's instructions. The pCRT7- 
NT vector adds a tag of 6 histidine residues and an Xpress epitope to the amino-terminus of 
5 the protein. The IcaR and TcaR proteins and the vector expression control (the histidine tag 
and Xpress epitope alone) were sequentially purified using Probond nickel affinity 
chromatography resin (Invitrogen) and the strong cation exchange resin HiTrap SP XL 
(Amersham). The lac operon from S. xylosus was amplified by PGR (lacHfwd: 
GAGTGAGTGCTCATTGCTTG lacHrev: GCCCTAGTTGACTATCATTAG) and cloned 

10 into the EcoRV site of the temperature-sensitive plasmid pBT9 (2). The resulting plasmid 
was amplified with the primer pair (lacHmutfwd: GGACATGTTCCGACACTCGG 
lacHmutrev: TGATCTTCAAGATAGGTTCCATC ) to delete the Kpnl site within the LacH 
gene, and religated to create pLacH. All plasmid constructs were initially transformed into 
the restriction-deficient S. aureus strain RN4220 according to the method of Lee (14). 

15 Constructs were transferred to other strains of S. aureus by transduction using phage 80 (12). 
In order to create icaR and tcaR deletants, the region surrounding the gene was amplified by 
PGR from strain 10833 total DNA using one of the primer pairs (icaRdelfwd: and icardelrev: 
GGGGGTACCGGAAACCTTTTCGTTTTCATTGTGC or tcaRdelfwd: 
GGGGGTACCCTTCAGTAACATCTACCGTTTCAGAATTAC and tcaRdelrev: 

20 GGGGGTACCGTGATATGGTGTATGACTTCCGACACCATC) and cloned into pCR- 
TOPO (Invitrogen). The resulting plasmid was amplified with (icaR-xhofwd: 
CTCGAGCATCAAGTGTTGTACCGTCATACC and icaR-xhorev: 
CTCGAGTGGAGCAGTGGAAGAAAGTAAAAGTC or tcaR-xhofwd: 
CTCGAGGTAAATGTTTTACCATAATTATTTCTCCC and tcaR-xhorev: 

25 CTCGAGGAAGATATTGAAAATGTAAGGCAAGTATTAGAAG), phosphorylated with 
T4 kinase, and re-ligated to produce, a construct (pIcaRdel or pTcaRdel) with an Xhol 
restriction site in place of the coding region. The erythromycin resistance cassette was 
amplified from Tn917 by PGR (ermfwd: CTCGAGGCCTACGAGAAATTTGTATCG AND 
ermrev: CGTGTAACTTTCCAAATTTACAAAAGCG), digested with Xhol and ligated into 

30 the Xhol site of pIcaRdel-TOPO and pTcaRdel to create pIcaR::erm-TOPO and pTcaR::erm- 
TOPO, respectively. The entire insert was then subcloned into the Kpnl site of pLacH and 
transformed into RN4220 by electroporation. Transformants were cultured overnight at 30^C 
in the presence of 10 jag erythromycin /ml and 10 |ig chloramphenicol/ml, diluted 1 : 1000 and 
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subcultured overnight at 42^C without antibiotics. The cultures were diluted 1:10, plated on 
LB agar plates containing 10 jig erythromycin /ml and 200 |ag Bluo-gal (Invitrogen)/ml, and 
grown for 48 hours at 42^C. White colonies were picked and screened for the double- 
crossover event, initially by PGR, and confirmed by DNA sequencing, which was carried out 
5 by the Microbiology Core Facility at Harvard Medical School (Boston, MA). 

DNA affinity chromatography. 4L cultures of TSB were inoculated with 40 ml of an 
overnight culture of S, aureus MN8. Cultures were well aerated and grown at 37^C for 5 hr 
(ODeoo = 0.9). Cells were lysed essentially as described by Fournier et al. (7); they were first 

10 washed in 200 ml buffer A (20 mM Tris-HCl, 50 mM MgCb, 1 mM dithiothreitol (DTT), 0.1 
mM EDTA, 5% glycerol), frozen for 2 hr at -80^, and lysed in 50 ml buffer A containing 100 
|ig/ml lysostaphin and EDTA-free Complete Protease Inhibitors (Boehringer Mannheim) for 
3.5 hr on ice. 30 ml buffer A + 1.3 M KCl was added and the incubation was continued on 
ice for 30 min. Lysates were cleared by centrifugation, precipitated with 50% ammonium 

15 sulfate at 4^C for 1 hr, resuspended in 2 ml PBS, and dialyzed through a 3,500 MWCO 

membrane (Pierce, Rockford, IL) ovemight against 4 L lOmM HEPES + 1 mM MgCh + 0.5 
mM DTT at 4^C. 2 nmol double stranded probe was immobilized on 10 mg of streptavidin- 
coated M-280 Dynabeads (Dynal, Oslo, Norway) according to manufacturer's instructions. 
The beads were equilibrated with binding buffer- 1 (BB-1 : 10 mM HEPES, 60 mM KCl, 4 

20 mM MgC12, 0.1 mM EDTA, 0.1 mg/ml BSA, and 0.25 mM DTT). 1 .5 mL cell-fi-ee lysate 
(approximately 20 mg of protein) was combined with 6 ml BBl and 1.5 mg sonicated salmon 
sperm DNA (SSS) and chilled on ice for 10 min. The lysate mixtxire was added to the beads 
and incubated on ice for 10 min. The beads were washed once with BB1+ 200Dg/ml SSS and 
twice with BBl without BSA or SSS. DNA-binding proteins were eluted with 1 ml 10 mM 

25 HEPES + 0.25 M KCl. The eluate was concentrated and desalted using Microcon YM-3.5 
centrifugal concentrators (Millipore). The concentrated sample was subjected to SDS PAGE 
using NuPAGE 4-15% gradient gels and MOPS buffer (Invitrogen). The gels were stained 
with Coomassie blue and protein bands were sliced from the gel and submitted to the 
Molecular Biology Core Facility (Dana-Farber Cancer Institute, Boston, MA) for sequencing 

30 by MALDI-TOF mass spectral analysis. 



Electrophoretic mobility shift. The 198-bp probe was generated by PCR using 
genomic DNA from strain MN8 as a template obtained from either S. aureus MN8 to yield 
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the WT probe or S. aureus MN8m to yield the MUC probe using the following primer pair: 
icaF WD : ATTGCGTT ATC A ATAATCTTATCCTTC and icaREV : 

TTGCAATTTCTTTACCTACCTTTC. The nonspecific competitor used in gelshift assays 
was also a 198-bp PGR product representing a sequence fi-om the icaA gene and was 
5 amplified fi-om MN8 total DNA using the following primer pair: icaA-FWD 

CCTGTATTTATGTCTATTTACTGG and icaA-Rev CTTCTCGTATTTGAGTGCAAG. 
The PGR products were purified usiiig the Qiagen PGR purification kit. For gel shift analysis 
the double-stranded probes were labeled with [y-'^^PJATP using T4 kinase. Gel shift assays 
were performed essentially as described by Foumier (7). A 20 |il binding reaction containing 
10 5-25 ng purified recombinant TcaR, 1 |ig sonicated salmon sperm DNA and 1 [ag polydldG in 
BBl was incubated at 21^ G for 10 min before adding 1 ^il (20,000 cpm) radiolabeled probe. 
The reaction was incubated for an additional 15 min and loaded onto a 5% nondenaturing 
polyacrylamide gel and electrophoresed in pre-chilled IX Tris/borate/EDTA (TBE) at 360V 
for 1 hour. Gels were dried and exposed to radiographic film overnight at -80^ G. 

15 

DNase I footprint analysis. Footprinting was carried out essentially as described by 
Sandaltzopoulos and Becker (24). 10 pmol icaREV was end-labeled with Y-P32-ATP using 
T4 kinase. The labeled oligonucleotide was EtOH-precipitated and used in a 50 ^il PGR 
reaction with 10 pmol 5'-biotinylated icaF WD and genomic DNA firom MN8 as a template for 

20 the amplification of the 198-bp probe representing the ica promoter region. The biotinylated, 
radiolabeled PGR product was immobilized on 500 \ig Dynabeads according to the 
manufacturer's instructions. The magnetic beads were resuspended in 100 jxl binding buffer- 
2(BB-2: lOmM Tris-Gl, 5niM MgG12, 2mM DTT, 50 ^ig/ml BSA, 2 ^ig/ml polydldG, 0.5 
|Lig/ml sonicated salmon sperm DNA, lOOmM KGl). 10 |il of oligonucleotide-coated beads, 

25 100 ng purified recombinant TcaR in Tris buffer, and 25 |xl BB-2 were combined and 

incubated for 10 min at 21^G. 5 ^il of a DNasel solution (lOmM Tris-Gl, 5mM MgG12, 2mM 
DTT, lOmM GaGl2, lOOmM KGl, 2.5U/ml DNasel) was added and the reaction was carried 
out for 2 min at 21^G before the addition of 50 |il 2X stop buffer (4M NaGl, lOOmM EDTA), 
A similar solid-phase technique was used for the sequencing control, whereby a 198-bp probe 

30 was generated by PGR using biotinylated icaF WD and cold icaREV primers. The PGR 

product was immobilized on Dynabeads. The beads were heated to 95^ G and washed with 
Tris-EDTA buffer to remove the antisense strand. P^^-labeled icaREV was annealed to the 
immobilized, single-stranded DNA and sequencing of the antisense strand was carried out 
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using the dideoxyadenosine 5 -triphosphate nucleotide mix included in the Sequenase Version 
2.0 sequencing kit (USB, Cleveland, OH). The beads from the DNasel protection and 
sequencing samples were resuspended in 95% formamide, 6 jxg/ml bromophenol blue, heated 
to 76^ C for 5 minutes and loaded on a 6% pre-run sequencing gel at 55 W for 25 min. The 
5 gel was dried at 80^ C and analyzed by autoradiography. 

RNA Slot-Blot Analysis, S. aureus cultures were grown in TSB+1% glucose at 37^C 
for 16 hr. RNA was extracted from 10^ cells using the RNeasy Protect miniprep kit and 
RNase-free DNase kit (Qiagen) as described in the manufacturer's instructions except that 0.1 

10 mg/ml lysostaphin was used in place of lysozyme to lyse the cells. RNA concentrations were 
determined by absorbance at 260nm and 10 |Lig of each sample was immobilized on a nylon 
membrane. The single icaADBC trianscript was detected with a single-stranded DNA probe 
specific for icoAD that was generated by PGR (icaAfwd: 
GTATTTATGTCTATTTACTGGATTGTCGGTTC and icaBrev: 

15 TCCGGCAATATGATCAAGATACTCAACA) and labeled using the ECL direct nucleic 
acid labeling and detection system (Amersham). Blots were re-probed with a probe specific 
for the housekeeping gene DNA gyraseB which was also generated by PGR (gyrBFwd: 
TTATGGTGCTGGGCAAATACAAG and gyrBRev: ACCTTCGAATTGAGGATCACC) to 
ensure equal loading. 

20 

Adherence assay, Microtiter well adherence assays for PNAG production were 
performed essentiedly as described by Valle et al with minor modifications (25). Cultures 
were grown overnight in tryptic soy broth (TSB) +1% glucose, diluted to ODeso 2.0, and 
aliquoted into 96-well polystyrene flat bottom microtiter plates from Corning (Coming, NY). 

25 For strain MN8m and its derivative strains the cultures were grown in TSB with 1% glucose 
and diluted to ODsso 0.2 in TSB prior to plating. The plates were centrifuged 3,000 rpm for 
10 min and incubated at 37 ^C for 1 hour. The wells were emptied, washed twice with 
phosphate buffered saline (PBS), dried at ambient temperature, stained for 30 sec with 
safranin, and washed under gently running tap water. The stained bacteria were assessed 

30 visually for relative adherence and resuspended in 100 jil PBS by gentle sonication, 

transferred to new microtiter wells, and the OD450 was determined using an ELISA reader. 
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PNAG slot blot analysis, PNAG slot blots were performed essentially as described 
previously (5) with minor modifications. Bacteria were grown overnight in TSB. The 
following morning cultures were diluted 1 : 100 in TSB+1% glucose and grown for 5hr. 1 X 
10^ cells were pelleted, washed once with PBS, resuspended in 50 Dl 5N NaOH, and vortexed 
5 for 30 sec. The extracts were cleared by centrifugation, diluted 1 :5 in tris-buffered saline 

(TBS), and 100 ^il of extract from S, aureus strains MN8 or 10833, or 1 |il from strain MN8m 
was serially diluted in TBS and immobilized on nitrocellulose using a vacuum manifold. 
Blots were blocked for 1 hr in 5% skim milk, probed with 1:10,000 rabbit antiserum specific 
for PNAG (17) for 2 hr at 21^C, washed, and probed with 1 : 10,000 goat anti-rabbit alkaline 
10 phosphatase conjugate for 1 hr at 21^C. Bands were visualized usinjg the ECL kit 
(Amersham) and autoradiography. 

Results 

DNA Affinity Chromatosraphy. S. aureus strain MNSmucoid (MN8m) was originally 
15 isolated as a spontaneous PNAG-hyperproducing mutant of strain MN8. A deletion of a 5- 
nucleotide TATTT sequence located in the center of the ica promoter is sufficient for the 
PN AG-overproducing phenotype associated with strain MN8m. IcaR binds to a distinct 
region of the ica promoter and is unaffected by the deletion mutation. A DNA Affinity 
Chromatography (DAC) system was designed to isolate proteins with high affinity for a 58 bp 
20 oligonucleotide representing the region of the ica promoter surrounding the TATTT motif. 
The oligonucleotide was synthesized, biotinylated at one end, immobilized on streptavidin- 
coated magnetic particles, and used to purify specific DNA-binding proteins from S. aureus 
lysate. The purified proteins were separated by SDS-PAGE and sequenced. Mass spectral 
analysis identified two non-specific DNA binding proteins; DNA-binding protein II and 
25 Topoisomerase IV, and SarA. Mass spectral analysis also indicated that an approximately 20 
kDa protein isolated from the DNA affinity beads was most likely TcaR, a protein that 
displays significant homology to the MarR family of regulatory factors. The tcaR gene is part 
of the three-cistron teicoplanin associated locus {ted), so named for the discovery that 
teicoplanin resistance increases in S. aureus when the locus is deleted or interrupted. 

30 



TcaR and the ica promoter. TcaR binds to the ica promoter specifically and with high 
affinity, and that binding is not dependent upon the 5 -bp TATTT motif (data not shown). The 
footprinting pattern of TcaR binding indicates that TcaR binds to and protects the MUT ica 
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promoter in much the same way that it binds to the WT promoter (data not shown). Overall, 
TcaR seems to protect multiple sites within the ica promoter. This could be a result of 
multiple TcaR recognition sites within the sequence or of oligomerization of the protein once 
it is bound to the promoter region. 
5 The icaA,D,B, C genes are transcribed as a single transcript so detection of icoA.D 

mRNA is representative of the transcription of all four genes. Northern emalysis indicated an 
approximately 5 -fold increase in icoAD transcript level in all three strains in the absence of 
tcaR (data not shown). This increase was lost when the mutants were complemented in trans 
with a plasmid carrying tcaR under the control of an inducible promoter (ptcaR) indicating 
10 that the phenotype was due to the lack of tcaR, Thus, TcaR appears to be a negative regulator 
of ica transcription. 

Deletion of tcaR did not have a significant effect on the ability of MN8 or 10833 to 
adhere to polystjo-ene, although binding of MNSm increased slightly. 

Adherence to plastic is a good relative measure of PNAG production but it is possible 

1 5 for other surface proteins and polysaccharides to play a role in adherence. In order to measure 
PNAG production more directly, a PNAG slot-blot assay was performed using polyclonal 
antiserum specific for PNAG. Cell surface extracts were prepared from late log phase 
cultures grown in TSB-M% glucose, blotted onto nitrocellulose, and probed with a PN AG- 
specific polyclonal antiserum (17). As MNSm is a PNAG hyper-producer, extracts from this 

20 strain and MNSmArca/?. ;er;w were diluted 100-fold before they were blotted onto 

nitrocellulose. Again, MN^Mca::tet and 10833A/ca. were used as negative controls and 
did not react with the PNAG-specific antiserum. Surface extracts fi:om MNSm produced a 
strong reaction with the antiserum and the extracts from the tcaR mutant were slightly more 
reactive, in agreement with the biofilm data. The tcaR mutants did not produce significantly 

25 more PNAG than the wild-type strains. Thus despite the increase in ica transcription in the 
absence of TcaR, there was no discemable effect on PNAG synthesis. The effects of the tcaR 
deletion might be manifest under different growth conditions. To test this, cultures were 
grown under various conditions that have been shown previously to affect biofilm formation 
including high osmolarity (4% NaCl), elevated temperature (45^C), and the presence of a 

30 subinhibitory concentration of tetracycline (0.05 |xg/ml) (22). The tcaR deletant did not 

exhibit significantly greater PNAG expression than the wild-type under any conditions (data 
not shown). These findings suggests that while TcaR appears to be a negative regulator of ica 
transcription, an effect on PNAG expression in the tcaR deletant strains is not detected by 



- 60 - 

these methods. The effect of the tcaR deletion might be masked under normal growth 
conditions by either a post-transcriptional regulatory mechanism, or possibly by an additional 
negative regulator of transcription. 

5 Effect of IcaR on icoADBC transcript levels. It has been reported that IcaR is a 

repressor of icoADBC transcription in S. epidermidis (3) although in this report, deletion of 
icaR did not affect biofilm formation. It was previously demonstrated by DNasel protection 
and electrophoretic mobility shift analysis that IcaR binds to the S. aureus ica promoter but 
direct evidence that it is a repressor of ica transcription in S. aureus has not yet been 

10 presented (11). In order to confirm that IcaR acts as a repressor of ica transcription in S. 

aureus^ the icaR gene was inactivated within three S, aureus strains, MN8, MN8m, and 10833 
by allelic replacement with an erythromycin resistance cassette. Total RNA from 1 6hr 
TSB+1% glucose cultures of the resulting strains, MN8A/ca72;;erm, MN^mi^icaR: :erm, and 
10833A/ca/2;;^rm, were subjected to Northern slot blot analysis using the /ca^D-specific 

1 5 probe. All blots were also analyzed with a DNA gyrase-specific probe to ensure equal 
loading (data not shown). As explained above, only 2 |xg of RNA from the MN8m and 
MN^mAicaR: : erm strains was analyzed whereas 10 p.g of RNA from the MN8 and 10833 
strains w£is analyzed. In all three strains inactivation of icaR increased the level of the icaA,D 
transcript (Fig 11). This increase was estimated to be at least 100-fold as measured by 

20 densitometric analysis using NIH image software (data not shown). These results 

demonstrate that in S. aureus, IcaR is a repressor of ica transcription and that it is fimctional 
even in the PNAG-overproducing strain MN8m. The finding that the negative regulatory 
effects of both IcaR and TcaR are unaffected by the 5 -bp deletion within the ica promoter of 
MN8m is somewhat surprising considering that PNAG expression is so high in this strain. 

25 This suggests that MN8m may have lost a requirement for a positive regulator, or that the 5- 
bp deletion somehow increases the efficiency of transcriptional initiation by the RNA 
polymerase complex at this promoter. 

Effect of icaR on PNAG vroduction. To assess PNAG production in the icaR mutants 
30 the adherence assay was again used. As described above, strains MN8 and 10833 are low- 
level PNAG producers, and a high inoculum (ODeso 2.0) was added to microtiter wells in 
order to produce a visible biofilm whereas MN8m is a high-level PNAG producer and a low 
inoculum (OD65o 0.2) was added to wells for MN8m and the MNSm AicaR: :erm. The bacteria 
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were allowed to adhere to the plastic wells for 1 hour after which non-adherent cells were 
removed by repeated washes and adherent cells were stained with safranin. Adherence was 
assessed by visual inspection of the dry, stained biofilms and by optical density of 
resuspended, stained bacteria (11). As shown in Figs. 12A and 128, the icaR knockout strains 
5 exhibited increased adherence to the polystyrene microtiter wells with respect to their parent 
strains. There was an approximately two fold increase in the OD450 of the MN8A/cai?;;er/w, 
MN8mA/c<afi?;;erm, and 10833A/ca/?;;erw constructs when compared to strains MN8, MN8m, 
and 10833 respectively. Complementation of the icaR deletions in trans restored the wild- 
type phenotypes confirming that the increase in adherence was a result of deleting icaR (Figs 

10 12A, 12B). It is notable that strain MN8m, which normally produces copious quantities of 
PNAG, exhibited even greater adherence and was more aggregative in the absence of IcaR. 
On TSA plates MN^md^icaR: :erm formed small tight colonies that were even more sticky that 
MN8m colonies and when grown in TSB the bacteria were so aggregative that they formed a 
single compact pellet (data not shown). This suggests that despite the PNAG-hyperproducing 

15 phenotype of strain MN8m, IcaR-mediated repression of ica is still effective in this strain. 

PNAG production was also measured in the icaR mutant strains. Fig. 12C shows that 
at 37^C in TSB+1% glucose PNAG synthesis was approximately 10-fold higher in the icaR 
deletants than in the respective wild-type strains, substantiating the findings with the 
adherence assays. To confirm that the increase in PNAG production was a direct result of 

20 inactivating icaR^ 10S33 AicaR::erm, MNSAicaR::erm, and MNSmAicaR::erm were 
complemented with a plasmid carrying an inducible copy of the icaR gene (picaR). 
Complementation of the icaR gene in trans reduced PNAG expression to wild-t)^e levels 
(Fig. 12C). This supports the role for IcaR as a repressor and together these findings confirm 
that IcaR is functional in MN8m and that constitutive hyperproduction of PNAG by MN8m is 

25 not due to a loss of the negative regulatory effect of IcaR. 

It was noted when working with the MN8m strains that while the wild-type, MN8m 
was not mucoid in TSB made without glucose, MN8mAicaR::erm was still extremely sticky 
even in the absence of glucose, PNAG blots were performed on the strains and icaR deletants 
grown in TSB without any glucose. The strains were first grown overnight in the absence of 

30 glucose, then diluted the following day 1 : 100 in TSB without glucose and grown to late log 
phase. Fig. 12D shows that deletion of icaR significantly augments PNAG production in the 
absence of glucose. In fact, in strains MN8 and 10833 PNAG production was undetectable by 
these methods in the absence of glucose but was strong in the icaR knockout strains. These 
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findings demonstrate that IcaR is a negative regulator of PNAG production in S. aureus and 
suggest that it plays an important role in the suppression on PNAG production in the absence 
of glucose. 

5 Discussion 

It has been reported that IcaR is a repressor of ica transcription in S. epidermidis, 
although an influence of IcaR on PNAG. production and biofilm formation has not been 
previously demonstrated (3). Here it has been shown that IcaR is also a repressor of ica 
transcription in S. aureus and that deletion of icaR results in a substantial increase in PNAG 

1 0 elaboration. Evidence is also presented that IcaR plays a role in the supportive effect that 

glucose has on PNAG production. Dobinsky et al. reported that despite elevated transcription 
of the icaADBC genes, S. epidermidis is PNAG-negative in the absence of glucose. In the 
presence of glucose, the level of icaADBC transcript was very low but PNAG was produced. 
The most intuitive explanation for this dissociation between ica transcription and PNAG 

15 production is that glucose is required as a substrate for factors involved in PNAG production. 
Further evidence is provided that in S. aureus the glucose-mediated increase in PNAG is due, 
at least in part, to alleviation of IcaR-mediated repression and a subsequent increase in ica 
transcription. When icaR is deleted in strains MN8, 10833m and MNSm ica transcription is 
elevated and PNAG production is greatly increased even in the absence of any exogenous 

20 glucose source. This strongly suggests that the positive effect that glucose has on PNAG 

expression is a result of alleviation of IcaR-mediated repression and transcriptional activation 
of ica. 

TcaR proved to have a strong interaction with the ica promoter in vitro. Although 
Northem analysis of tcaR knockout strains suggested that it is a negative regulator of ica 

25 transcription, deletion of tcaR did not have a significant impact on PNAG production. As 
discussed above icaADBC transcript levels and PNAG production are not always directly 
related; in iS. epidermidis, Conlon et al. demonstrated an increase in icaADBC transcript levels 
but found no significant effect on biofilm formation in their icaR deletant (3), and Dobinsky 
et al. found a dissociation between ica transcription and PNAG production when the bacteria 

30 were grown in the presence or absence of glucose (6). It is possible that the discrepancy 
between ica transcription and PNAG production noted in these reports and in the tcaR 
deletion mutants is due to a post-transcriptional regulatory mechanism. A search for a 
transcriptional start site within the ica promoter using the Neural Network Promoter 
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Prediction program, suggested the presence of multiple transcriptional start sites (23). 
Therefore, alternate promoter usage may result in incomplete transcription of the ica locus or 
in post-transcriptional control mechanisms. Alternatively, IcaR or some other negative 
regulator may repress PNAG synthesis in the absence of TcaR. 
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Equivalents 

The foregoing written specification is considered to be sufficient to enable one skilled 
in the art to practice the invention. The present invention is not to be limited in scope by 
examples provided, since the examples are intended as a single illustration of one aspect of 

20 the invention and other functionally equivalent embodiments are within the scope of the 

invention. Various modifications of the invention in addition to those shown and described 
herein will become apparent to those skilled in the art from the foregoing description and fall 
within the scope of the appended claims. The advantages and objects of the invention are not 
necessarily encompassed by each embodiment of the invention. 

25 All references, patents and patent publications that are recited in this application are 

incorporated in their entirety herein by reference. 
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